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Abstract

The purpose of this review was to integrate the most recent and relevant investigations on
the anto-oxidation of fuel oils and their reforming into hydrogen-rich gas that could serve
as a feed for fuel cells and combustion systems. We consider the ing:orporation of partial
oxidation under cool flame conditions to be a significant stlep in the ieforming process for
generation of hydrogen-rich gas. Therefore, we have paid particular attention‘ to thé
partial oxidation of fuels at low temperature in the cool flame region. This is still not a
well-understood feature in the oxidation of fuels and can potentia]ly. serve as a precursor
to low NO, emissions and low soot formation. Prefreatment, including atomization,
vaporization and burner technology are also briefly rcview_ed. The oxidation of reference
fuels (n-heptane C;Hg, iso-octane CgHig and to a lesser extent cetane 016H34)‘ in the
intermediate and high temperature ranges have been studied exténsively and it is
examined here to show the significant progress made in modeling the kinetics and
mechanisms, and in the evaluation of ignition delay times. Howevcf, due to the complex
nature of real fuels such as petroleum distillates (diesel and jet fuel) and biofuc]s, much
less is known on the kinetics and mechanisms of their oxidation, as well as on the
resulting reaction products formed during partial oxidation. The rich literature on the
oxidation of fuels is, hence, limited to the cited main reference fuels. We have also
covered recent developments in the catalytic reforming of fuels. In the presence of
catalysts, thé fuels can be reformed through pariial oxidation, steam reforming and
autét_hermal reforming to generate hydrogen. But optimum routes to produce cost
effective hydrogen fuel from conventional or derivative fuels are’still debatable. It is

suggested that the use of products emanating from pattial oxidation of fuels under cool
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flame conditions could be attractive in such reforming processes, but this is as yet
untested. The exploitation of developments in oxidation, combustion and reforming
processes is always impacted by the resulting emission of pollutants, including NOy, SOy,
CO and soot, which have an impact on the health of the fragile ecosystem. Attention is
paid to the progress made in innovative techniques developed to reduce the level of
pollutants resulting from oxidation and reforming processes.' Lﬁ the last patt, we
summarize the present status of the topics covered and present :prospects for future
research. This information forms the basis for recommended themes that are vital in

developing the next gencration energy-efficient combustion and fuel-cell technologies.

[Keywords: Cool flame, Oxidation, Combustion, Fuel oils, Kinetics, Fuel cell, Fuel

reforming]
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1) Introduction
As a source of energy, fossil fuels have a tremendous impact on the planet in different
ways, including human welfare and the enyironment. In order to deal with the problem of
petroleum derived fuels as a source of energy, and also, as a source Qf pollution, scientists
are investigating the means fo improve the yield of energy conversion with a minimum
level of toxic effluents. This is possible by making engines and burners more efficient,
removing impurities such as sulfur and nitrogen from fuels, lowering soot and coking,
which are precursors to carcinogenic polyaromatic hydrocarbons (PAH). SOy, NOy, CO;
and particulate emissions all contribute VElﬂOllSl)/ to acid rain, photochemical smog, green
house effects and destruction of ozone in the stratosphere [1-3] and may lead to global
warming and severe damages to the ecosystem health.
| In the dawn of this twenty-first century, fossil fuels remain the mztin source of energy
for the planet and by far exceed geothermal, wind and solar energy. Nuclear energy was
considered very promising in the 1970s until mid 1980s till incidents such as that at
Chernobyl disastér made this path questionable. Hydrogen is an environmentally friendly
and “clean” fuel. Despite its abundance in the hydrosphere, generating hydrogen by
electrolysis from water is still not economical, However, the oxidation of conventional
gaseous and liquid fuels, including natural gas, petrolenm distillates (gasoline, diesel and

Jei-fuels) and biodiesels to light hydrocarbons and oxygen-containing. substances, may

form a major step in the preparation of the fuel for reforming and production of hydrogen

for use in fuel cells. The fuel cell, an attractive but challenging technology, transforms
chemical energy directly to elecirical energy, with less pollution when compared fo

burning fossil fuels [4]. It is well known that hydrogen is the best-suited fuel for fuel cell
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systems; unfortunately hydrogen infrastructure costs are currently unacceptably high
compared fo the existing natural gas or petrolenm distillate facilities [5]. Although
methanol can yield an appreciable proportion of hydrogen through its transformation into
synthesis gas (Hy + CO) [6], still it is a secondary derivative fuel and requires new .
infrastructure. Therefore, on station or onboard processing of natural gas and petroleum
distillates remains a viable alternative for the generation of hydrogen and will be
discussed in detail in the third part of this paper. But prior to that aﬁd to shed more light
on the partial oxidation of complex fuels like diesel and jet propulsion (JP) oils, we focus
on the oxidation of reference fuels and their mixtures, especially at low temperatures in
the cool flame region. This phenomenon is still not well understood and may play a
significant role in the formation of the reaction products prior to reforming, as weil as in

subsequent low NO, emission systems [7-8].

During the last decade, progress has been made in the experimental and theoretical
modeling of the kinetics and formation of reaction products during the oxidation
reactions of reference fuels [9-13]. Indeed, numeroﬁs studies have been carried out on the
oxidation and conversion of major (single component) refetence fuels, such as n-heptane
[10,14], iso-octane [10] and n-hexadecane (cetane) [15]. There is some study of mixtures
of two single components, for example n-heptane and iso-octane [1:1] as surrogate to the
multi-component and complex fuels used in internal combustion engines. However, little
is known on the details of conversion of complex fuels like diesel and JP oils, which are
mixtures of a broad range of hydrocarbons, mainly composed of paraffins (saturaied

alkanes), naphthenes (unsaturated cyclics) and aromatics [16,17].
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To the best of -our knowledge, a literature review of the most recent relevant data
integrating the research on the partial oxidation and combustion of hydrocarbons
including commercial fuels, as well as the reforming processes of v.arious potential fuels
to generate hydrogen-rich gases as feed stock for fuel-cell powered vehicles, is still
lacking. Integrating the data of the oxidation at the cool flame regime and reforming of
fuels will shed more light on the effort done in both areas that is intertwined. The
knowledge gained in the oxidation mechanisms of reference fuels are needed to better
understand thc-oxidative transformation of petroleum distillates such as gasoline and
diesel, and also, biofuels. Here, we will discuss the most recent investigations related to
the oxidation and reforming of fuels for fuel cell technology as well as for burners, with
regard to fuel preparation processes and experiﬁmntal designs. The' developments in the
oxidation and reforming processes have always been impacted by the resu]ting emission
of pollutants, namely NOy and soot. The numerous investigations on the oxidation of the
major reference fuels reviewed here, have constituted a basis for de::veloping our project
on both expetimental and theoretical aspects related to the oxidation and reforming of
complex fuels. The mechanisms of the fuel pyrolysis under oxygen-deficient conditions
leading to the cracking of the hydrocatbons, is out of the scope of this paper and have

been reviewed elsewhers [14],

The aim of this study is to integrate the recent relevant investigations on the auto-
oxidation, combustion and reforming of fuels in addressing the following issues: (i) the
fuel preparation prior to the oxidation, including atomization, vaporization and the role of

novel burners in the oxidation processes (ii) the fundamental aspects of the oxidation and
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combustion of fuels with emphasis on the low temperature processes in the cool flame
regime as a significant step prior to reforming of the fuel, (iii) The reforming procésses of
fuels into hydr0g¢n~rich_ gas from methane, natural gas, methanol, gasoline, diesel and
biofuels; (iv) future prospects and the insights from the existing data'that will help to
develop new processes integrating the oxidation of fuel oils at cool flame regime and
their reforming into hydrogen-rich gas for fuel cell technology and (:v) the impact of NOy
and soot pollutants, on the oxidation and reforming processes aﬁd the evolution of

technology.

2) Preparation of fuels for oxidation: atomization and vabcrization of fuels, faumer

and reactor concepts

Thé chemical composition and structure are inherent to the fuel, but the physicql
propetties, including droplet size and distribution can be controlled by atomization prior
to oxidation and reforming, and thus, an adequate preparation should tesult in a
maximum conversion of the liquid fuel with minimum soot and NOy formation. Fig. 1
depicts the major themes illustrated in this review that will be used in our experimental
design: a) the preparatibn of the fuel consists in the atomization and vaporization, b) the
fuel is partially oxidized in the reactor in the presence of preheated air at low temperature
under cool flame conditions and ¢) the reaction products obtained at cool flame can be
either catalytically reformed into hydrogen-rich gas for fuel cell systems or burned for
combustion, heating purposes or other applications.

Mixture preparation of liquid fuels in many technical appﬁcations remains an

important problem; uncontrolled atomization of liquid fuel leads to inhomogeneities in
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the mixture and thus to the formation of pollutants [7]. Indeed, it is worthwhile to briefly
delineate some theoretical aspects of fuel droplet vaporization, which plays an important
role in determining air/fuel mixing with a significant impact on the evolution of oxidation
and combustion. Detailed information is given by Glassman [18], Sirignano [19] and
Warnatz et al. [20]. |
In the original Spalding evaporation model, the droplet surface conditions are
calculated from mass and energy balance [21]:
d(4n’py3)dt = - dm/dt
(1)
47°h(Too ~ T) = me(T + (dm/dp)L, 2)
where 1 is the droplet radius, T the droplet temperature, ¢; and p; are the specific heat and
density of the liquid, L, the latent heat of vaporization, T.. the ambient temperature, h..
the convection coefficient and dm/dt the mass transfer rate. For the model, the internal
temperature distribution described by 1D Fourier equation must be solved: |
| AT/t = (ky/pie) (LA [A(TZOT/or)/or] 3)
Details of the theoretical considerations are out of the scope offthis study. We only
present the derived parameters, namely, thé diameter of droplets as influenced by heating,
vaporization, residence time and theoretical vaporization rate. The combustion of the
dense cloud emerging from the fuel spray is modeled as an cnsemb]e of single droplet
combustion using several assumptions [20]. Therefore the rate of evaporating mass dm/dt
is: om/dt = (2mAd/c, HLn(l + B) | 4
where B is the Spalding transfer number:

B = [Ahear/V + G (T~ Tlhgy, ©)
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Ay, the thermal conductivity of the gas phase; d, the droplet diameter;, c,,, the heat
capacity of the gas phase, Ah.,y, the specific enthalpy of combustion; v, the stochiometric
mass ratio of the oxidizer (o the fuel; (T — Ty), the difference between the temperature of
the gas phase far away from the droplet and that at the drop]et'é‘.urface and hgg, the
enthalpy of formation of the gas phase.

In the limit of pure evaporation with no reaction, Ahgy, = 0, and thus:

B = Cpg (Too — T/he, o (52)
Also, om/at = -(piud?/2)ad/dt = - (pud/4)ad*/aot. (6)
From cquation (6) one has:  9d%dt = - (8Ay/pic,Hln(1 + B) (7)

Integration of equation 7 leads to the well-known d>-law for the dfoplet lifetime:

&) = d% - Kt @)
with K = (8A4/picpg)Ln(l + B). It has been shown that the d*law (equation 8) holds for
mass a_nd heat transfer with chemical reaction [18]. Threc phase;s of droplet combustion
can be identified: heating, fuel evaporation and combustion. Based on equation 9, the
theoretical heating time t, of droplet can be estimated [22]: _

o = Capices B(Ta— TV 12hgn(1 + Bl BrifBran D] ()
where T, — Ty, the difference between free stream and droplet surface temperatures; Ly,
latent heat of Vaporization; Bty and By, thermal and mass transfer nm_nbefs, which will
be equal at quasi-steady conditions. In practice, equation 8 is used to estilﬁate the

diameter of the fuel droplets at any given temperature. At a residence time t = 7T

(complete evaporation of the droplet), d*(t) = 0, and thus, ¢’ =Kz, or dy = (Kv)*’
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Hence, for single compornent droplet vaporization, the distribution of fuel droplet size in a
reactor can be estimated to characterize the type of burners. Theoretical approach to
multicomponent droplet vaporization is out of the scope of this paper and has been
presented by a number of investigators [23-27].

The impact of drop size and initial momentum on the residence time and distance
required for complete corﬁbustion of fuel with air atomized burners was studied using a
model incorporating diffusion-limited combustion at different excess air levels_ [28]. By
measuring the drop size distributions in sprays from different atomizers, these authors;
[28] showed that the spray from pressure nozzles has mean diameters that vary with the
flow and the design. They also observed that soot production is critically dependent 611
drop size. Active reseatch is being carried out for the development of burner concepts
based on low-pressure, air atomization with substantial advances, including low firing
rates, low excess air/high efficiency, modulation or two-stage firing rates, low NOy
emissions and low electric pdwer consumption [29-30]. Also, ﬁn oil burner and a high
temperature burner for thermophotovoltaic (TPV) applications have been developed
using the low-pressure air atomizer [29]. This air atomizer will be used in our project for
the spray and gasification of droplets from petroleum based fuelsr and biofuels. Fig, 2
illustrates a high-flow fan atomization burner (HFAB) head developed in this laboratory
[31]. In this prototype system, the air tube and the flame fube arc a1*ranged in such way
that most of the combustion air passes through the atomizer and forms the spray. A small
fraction of the air (secondary air) passes outward through radial holes in the center tube
into the air tube. This secondary air serves two purposes: a) supplies more air to the

combustion zone to allow higher firing rates without increasing the nozzle diameter and
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b) provides a small air flow through the annular space between the no_zzlc and the air tube
to keep the electrodes cool and prevent backflow of combustion products: High
recirculation rates lead to low NO, emissions and transparent blue'ﬂames. The level of
NOy emission is about 40 % lower than in the conventional retention head burner [31].
Further, there is ongoing research on other burner concepts, including blue flame [32],
radiant and catalytic burners [33,34]. More details on burners and their applications are

given elsewhere [35,36].

To separate the vaporization from the flame zone in an oil-fired burner for stirling
engines, Steinbach et al. [37] used the ignition delay time. The evaporation and mixing
are carried out during the autoignition delay time. Tests in a continuous flow apparatus
were conducted under atmospheric pressure in order to get a better understanding of
ignition delay times and to avoid flashback into the vaporization and mixing,"zones,
especially, when combustion air is preheated up to 873 K. A flow reactor test rig of high-
grade steel 1 m long and 10 cm in diameter was used. The fuel is injected info an
eiectrically heated mixture of combustion air and exhaust gas from an oil butner via a
simplex nozzle, The autoignition delay time t; in a flow reactor is calculated by:

Ti=LIV (10)
where L is the length of the flow reactor and V the average mixture velocity (flow rate)
The tests showed that the autoignition delay times could be proloﬁged by a facfor of 4
when the recirculation ratio (mass ﬂov; of recirculated exhaust gas/mass flow of
combustion air) is increased from O to 1.3, Thus, error free operati@n of a burner, which

separates the vaporization from the flame zone, could be realized.
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Premixing of fuel oil and air for the purpose of lean—premixeld combustion in gas
turbine combustors was studied experimentally with laser-induced forescence (LIF) and
numerically using a modified KIVA-3 code [27]. Three improved sub-models were used:
1) a droplet-vaporization model including multiple components and real-gas effects, 2) an
improved droplet dispersion model (so-callf_:d linear-filter model), and 3) a swirl
correction to the k-e turbulence model. Considerable differences were found in fuel-vapor
distribution when using different models. The simmulation results were found to be
sensitive to the initial Sauter mean diameter (SMD), in particular in the presence of air-
swirl, Remaining discrepancies are supposed {o ’originate either from a turbulenée—
modeling error and the occurrence of secondary droplet breakup, which was not modeled,
or on the other hand, the assumptioﬁ of proportionality between LIF intensity and fuel oil
concentration. From the studies reported above, one can see that an Iadequate atomization
and vaporization of the fuel are paramount for an optimum oxidation reaction where the

undesirable NOy and soot pollutants could be minimized.

3. Oxidation and combustion of fﬂel oils

During the previous decades, among potential hydrocatbons investigated as fuel
surrogates for oxidation and combustion studies, n-heptane has gained a major attention
because it is found in relatively large amounts in commercial fuels like gasoline and
kerosene [38] and it is used as a reference fuel for the definition of octane number (RON
= 0). However, much less is known on the details of oxidation of petroleum distillate
fuels and biofuels. Here, we have attempfed to focus on the nature of the reaction

products formed during the oxidation of such, fuels at low and high temperature, as well
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as on the proposed mechanisms of their formation in the cool flame regime. Furthermore,
we have paid attention to the conditions where the cool ﬂamé could be stabilized. In
some studies, there are limitations that could be improved with new techniques and
instrumentation. In addition to being a preparatory step to the rcfomﬁng process, the cdol
flame regime hés an important role in combustion systems and .could be a possible
regulator for the autoignition delay time of fuels as will be discussed below . As depicted

in Fig. 1, the reaction products stemming from the cool flame can be either reformed into

- hydrogen-rich gas for fuel cells or can be combusted for heat.

3.1. Oxidation of fuels at low temperature and in the cool flame regime

At temperatures as low as 393 K, some fuel-air mixtures react chemically and
produce very weak flames called cool flames that generate very little heat. The reaction
has not gene to comlﬂete combustion; rather the molecules hreak dowi and recombine (0
produce a variety of stable chemical compounds including alcohols, acids, peroxides,
aldehydes and carbon monoxide [39]: The weak temperature rise i§ due to the heat
produced by brec;tking and reforming of the fuel -chemical bonds, Cool flame is an
important and complex ignition phenomenon associated with multistage ignition. Itisa
faint pale blue luminescence, due to chemiluminescence of clectronically excited
formaldehyde, and occurs preferentially under fuel rich conditions during degenerate
branching reactions in early combustion [40]. Cool flames have beeﬁ studied since 1930s
and their osciﬂatofy nature has been recognized a few decades ago [41]. Thus, the
majority of workers consider the cool-flame to be a key part of reaction during wlﬁch the

bulk of the fuel is incompletely oxidized [42]. On the other hand, Shtern [43] considers
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the cool flame to be a minor process, which plays little part in the averall reaction, since
the cool flame oxidation and the slow combustion are very similar in their chemical
nature. During 1970s, although not plentitul, there were investigations including some

theoretical hypotheses on low temperature oxidation in the cool flame regime [40,44-48].

More than three decades ago, Burgess et al, [49] shed more light on the controversy
about aldehydes (RHO) and hydroperoxide (ROOH) candidate Species causing cool
flames in the gaseous oxidation of hydrocarbons. By measuring the concentration of
hydroperoxide, they suggested that the chain-branching intermediates in the cool-flame
oxidation of n-heptane, are hydroperoxides (ROOH). On the other hand, Barat et al. [50]
showed that the highest total conversion of 3-ethylheptane (C7H;s) t;o 0—'heterocyqles (up -
to 42 %) takes place in the low-temperature slow-combustion region, whereas typical
conversion in the cool-flame region is about 18 %. However, the conversion to olefins
reached up to 60 % (Table 1). Also, they observed a decrease in the O-heterocycles yields
and an increase in beta-scission products with increasing octane:number of the fuel,
which has an important implication ﬁvith regard to atmospheric pollution from vehicle
exhausts. It is likely that hydrocarbons beta-scission often results in alkenes that may

react photochemically to form smog.

Luck et al. [45] found remarkable similarities in the products formed and in their
distribution in the different systems: single-cylinder experimental engine during fired and
motored operation, low-pressure “static” apparatus and a stabilized cool-flame flow

reactor. It was concluded that the nature of the chemical steps involved in coal-flame
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oxidation play an important role in the processes leading to both; autoignition in motored
engine and “knock” in a fired engine, In their study, it is asserted that these processes are
essentially independent of pressure, reactant ratio and surface. Beside CO, CO, and
unburned fuel, a large number of products were identified and quantified in the low
temperature oxidation of n-heptane and iso-octane. Fig. 3 outlines the reaction scherﬁe of
n-heptane oxidation showing the main possible reaction products. The major reactién
products were about 50 % Olefins (C4~Cy) and about 40 % oxygénates, mainly cyclic
ethers (Table 2). The distribution of the intermcdiate products from the oxidation of low-
molecular-weight hydrocarbons, iso-butane, n-butane and n-pentane was studied by
Atherton et al. [51] in the temperature range of 523-673 K and pressures from 9.3 to 26.3
kPa. The data show that the variation of pressure has only a little éffect on the amount
and distribution of the reaction products, which is largely dominated by oxygenates
(Table 3). |

In order to fully explain the oxidation and combustion of fuels in the entire range of
temperatures and for practical reasons as well, low temperature and cool flame regime
phenomena have gained interest in the last few- years [7,52-54]. The low temperature
regime (523-673 K) can be divided into three regions: slow Vcombustion, cool flame and
the negative température coefficient (NTC). In the cool ﬁame region, periodic beﬁavior
has been observed occasionally [55]. The NTC is a unique phenomenon in hydrocarbons
oxidation, in which the overall reaction rate decreases with increasing temperatare and it
represents a bartier for aﬁtoignition to occur. Also, these phenomena must be taken into
account in any proposed mechanism for multistage ignition and for the modes of product

formation [42]. In the low-temperature region, the oxidation of hydrocarbons is a very
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complex process involving different propagation and chain branching reactions, which
can lead to the phenomena cited above. Slow combustion and the NTC dependéncc of
reaction rate are wholly kinetic in origin, but oscillatory cool flame, single-, tvz;o— and
multi-stage ignitions are consequencesl of the interactions of kinetics and heat release
[52]. Ignitipn can occur in adiabatic conditions, while cool flames require heat losses.
The model proposed by Gaffuri et al. [52], apparenfly, reproduced quite well
thermochemical oscillations and the NTC region of the reaction rate for low-temperature
oxidation of n-heptane and iso-octane in a jet-stirred flow-reactor (JSFR), in terms of
experimental frequencies and intensities of cool flames. Also, very good agreement was

observed for fuel conversion and intermediate species formation,

Using an appropriate technique, Mantashyan [56] was able to detect free radicals in a
stabilized cool flame, For this, a small patt of the gas flow was sampled from each
section of a tvlvo-section flow reactor and continuously directed ét low pressure to a
freezing pin at liquid nitrogen temperature inside the cavity of an eiectron paramagnetic
resonance (EPR) spectrometer, The behavior of free radicals in propane and butane
oxidation shows that the cool flame appears as a result of self-acceleration of the chain
reaction of hydrocarbon oxidation, The temperature increase due to self-heating or
increased heating of a stabilized cool flame, leads to the decrease c;f radical
concenirations in the temperature interval from 623-673 K followed by the cool flame
disappearance. In addition, it was shown that there is a relationship between the cool
flames and oscillations. Thus, small variations of the process parameters lead the

stabilized cool flame into oscillatory regime. Low-temperature processes (initiation,
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branching, propagation) are strongly dependent upon the size and- structure of the fuel
molecule [S71. In order to understand the kinetic steps that control the low-temperature
oxidation of linear and branched alkanes and their auto-ignition properties, Dagaut et al.,
[58] measured the reactants, intermediates, and final products formed from n-heptane in
three different oxidation regimes; cool flame, negative température coefficient and
normal combustion, In addition, concentration profiles of the major cyclic ethers formed
at low temperature were measured. The evolution of the transition from low to high
temperature oxidation regime as a function of pressure was observed, showing the quasi-
disappearance of the negative temperature coefficient at 40 atm. This was interpreted in
terms of formation and isomerization of the further reactions of hydroperoxyalkyl
radicals. The stabilization of the excited intermediate QOOH* is fﬁvored when the total

pressure is increased, which explains the disapperance of the NTC,

The temperature and chemical composition changes [59] were also invcsﬁgate_:d
during the low-temperature oxidation of stoichiometric n—heptime' and iso-octane. The
experiments were carried out in a stainless steel JSFR (volume = 100 cm’), which
operates at a pressure as high as 10 bar. The reactor was conditioned before the
experiments by burning rich hydrocarbon/air mixture for several hours to redﬁce ther
occurrence of heterogeneous reactions on the reactor walls. The significant presence of
aldehydes in the producfs of n-heptane was attributed to a degenerate chain-branching
path involving the addition of molecular oxygen to hydroperoxide radicals and
isomerizaiion by internal H-atom abstraction. The latter step is particularly favored in

linear alkanes where easy-to-abstract H-atoms are available. On the other hand, cyclic
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ethers and fuel-conjugate olefins were the dominant products of the low-temperature
oxidation of isé-octane. Also, as a function of temperature, the convgrsion of n-heptane is
higher than that of ise-octane. There is a significant difference between low aﬁd high
temperatﬁre oxidation mechanisms. The impact of temperature on the changes in the
reaction path is clearly shown in Fig. 4 where the estimated selectivity of each 1'eaction'
step is indicated from the lumped mechanism [14]. At high temperature, beta-
decomposition reactions of alkyl radicals prevail over the oxygen addition reactions.
Thus, the high temperatpre mechanism mainly involves intei’acéions of oxygen and small
radicals and olefins. At 820 K, the propottion of beta-decomposition products, conjugate
olefins and heterocycles (cyclic ethers) -is predominant (up to 80 %), whereas the
selectivity for ketohydroperoxide does not exéeed 3 %. The low teﬁnperature mechanism
is a complex process involving propagation and chain branching. At 620K, a tempéfatufe
in the cool flame region, the addition of oxygen to the pcroxide radical is favored and the
selectivity in ketohydroperoxide is prevalent (up to 80 %) (Fig. 4). It is suggested that the
transition between low and high temperature mechanisms gives rise to a variety of typical
behaviors: such as damped and oscillatory cool flames or singler and multi-stage ignitions

[14].

Chen et al. [55] investigated the lean oxidation of iso-octane in, the low temperature
regime. Approximately 50 % of the fuel was consumed in 0.1 s at an equivalence ratio of
0.05 (0.8 mmoles fuel) and 0.9 MPa. G.C analyses of the reaction Lproducts at different
temperatures froni 600 to 700 K showed 42 intermediate species. However, only 16 of

them were identified, which included two Cs conjugate olefins, three C; olefins, three Cq
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cyclic ethers, iso-butene, propene, acetone, acetaldehyde, iso-butyraldehyde, and 2,2~
dimethyl—propanal; methacrolein, and iso-butene oxide. The feaction mechanis;m
followed the general one (Fig. 3), starting with iso-heptyl radicais x'CsHyy, which go
through beta-scission to form smaller olefins and a radical. With additiox_l of O, there is
formation of hydroperoxy radicals, which are significant in low-temperature regime as
mentioned above. Battin-Leclerc et al. [60] used the software system EXGAS of
automatic generation of detailed mechanism to reproduce the oxidation of n-heptane, iso-
octane, n-decane and some binary mixiures, In addition to the experimental data, giving
some of the reaction products at Iow and high temperatures, the influence of temperature
on the conversion of n-heptane and iso-octane was studied. The conversion of n-heptane
reached a maximum level of 74 % at 650 K, then decreased through the NTC region to 40
% at 750 K before rising again with increasing temperature (Table 4)..On the other hand,
the conversion of iso-octane was much fower and only reached 8§ % in the same range of
temperature. In the low temperature region and around the NTC, the fitting of the
experimental data by the proposed theoretical model is still unsatisfactory. The difference
between the experimental data and the fitting model reached up to 30 % in this range of
low to intermediate temperatures (Fig 5). Even the most recent and upgraded chemical
kinetic models [60,61] seem unsatisfactory and need to be improved. Ranzi et al. [14]
anticipate that low and high temperaturé mechénisms of the oxidation process ban be
organized into a comprehensive kinetic scheme able to simulate the oxidation of natural

¥

gas, commercial gasoline and jet-fuels.
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In view of the cited promising applications of the cool flame, the German group at
Aachen [7,53,62] conducted a detailed experimental procedure at the cool flame regime
to partially oxidize numerous fuels with initial boiling temperature range of 231-830 K.
They took into account the air-fuel mixture and the inhomogene;itieé in the fuel-oxidizer
distribution in the reactor to assess the impact on pollutants and soot formation.
Homogeneous fuel-oxidizer mixture was achieved by an atomization of the liquid
leading to a partial or complete evaporation in a mixture of air and recirculated product
gas. Due to the well-known problems with the formation of depbsits on the reactor wall
during evaporation of liquid fuels, contact of unburned fuel with hot walls should be

avoided [53]. With an appropriate set up of the parameters (temperature, equivalence

ratio, flue gas) a partial chemical conversion of the fuel was obtained.

The direct addition of the fuel to the preheated air can lead to an exothermic reaction
and the resulting rise in temperature may lead to ignition. The technical problem is solved
for a fuel with a boiling temperature range (231-830 K), under the following
characteristics: a) p = 1 bar and temperature of at least 520 to 880 K, C/O between 1:0.14
to 1:25 and b) adjusting the residence time t of the mixture produced in the reaction
chamber in step a) t > 25 ms at p < 1 bar and limited removal of heat from the reaction
zone via an inert gas flow. For a patficular liquid fuel, rise of the gas tempcratufe after
addition of the fuel may reach 453 K (Fig. 6). Some endothermic reactioné may occur, if
overall, the reaction is isothermal. Once the operating temperature of the cool ﬂame is
defined, the cool flame regime can be stabilized. The rise in terﬁperature for the oil

studied at atmospheric pressure begins at 583 K for an air/fuel ratio of 0.7 to 2.0, For
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fuel like diesel # 2, n-heptane or iso-octane, the initial temperature of the system to create
cool flame conditions should be over 583 K. The data show that the'_ final temperatures of
cool flames reach similar values independently of the type of fuel (Fig. 75. By controlling
the temperature within the range of cool flame with adjustment of heat loss from the
reactor external wall, the ignition of a a sub-stoechiometric mixture can be avoided and
the cool flames could be manipulated safely. Tt was observed that up to 813 K, no
ignitions occurred, whereas around 873 K, the mixtures ignite. Below 823 K, the ignition _
delay time was estimated to be over 1 s (Fig. 6), and thus, ignition can certainly be
excluded, It is suggested [7,53] that under the above conditions angl despite th;: small

dependence of the cool flame on the boiling point of the fuel, it is possible to prepate the

cool-flame products in a mixing chamber.

Experimentally, the teactor used consists in a thin-walled high—g}'ade steel pipe with a
diameter of 10 cm and a length of 100 c¢m. Prior to premixing and to initiate the cool
flame, the air flow must be preheated accordingly. The wall heat losses are limited by
insulation, resulting in an initial temperature from 583‘ to 723 K. The cool flame can be
initiated by variation of the oil mass flow to obtain an eqlﬁvalence ratio A =
(OO Fgoicny of 0.3 to 2.0. Exothermic reaction of the cool flame results in a
spontaneous temperature rise enabling a partial conversion of the fuel. Due 10 the
reaction-kinetic inhibition characteristic of the cool flame, the temperature rise of the
mixture is limited, so that ignition of the cool flame produd (exhaust) is avoided. A
maximum mixture temperature of approximately 753 K resultsr for the fuel oil at

atmospheric pressure and is to large extent independent of the adjusted air-fuel ratio A
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[62] (Fig. 7). After cooling to ambient temperature, the products can be gaseous, liquid or

aercsol. The resulting short molecular chain (smaller molecular weight) entities have a

boiling temperature range under that of kerosene.

The initial operating cool flame temperature can be lowered by recircﬁlation of the
reaction products. This process can maintain the cool flame for a longer timé; thereby at
sub-stoichiometric modes of operation, the compression ignition is inhibited. On rthe
other hand, reduction in the pressure will lower the initiating temperamre. Afso, the
addition of a catalyst will help to decrease the activation energy necessary for the
initiation of the cool flame, and thus, lower the initiating temperature. For the production
of synthesis gas (H, + CO), it is necessary to vaporize the fuel. From this goup’s
experience, the final temperature of the cool flame tends toward a constant value

independently of the initial temperature.

The condensed reaction products resulting from the cool flame procedure hzive a
lower boiling temperature tange than the original fuel. With additional stéps, this
technology becomes possible in new range of applications: Thus, the gaseous product can
be stored and possibly transported to the consumer. Also, developmént of the cool flame
procedure may even lead to selectively produce petrochemical synthesis components with
high yield from the gas reaction products, namely, olefin and formaldehyde [7]. Tﬁe cool
flame procedure makes the conversion of liquid fuels to the gas and vapor phase possible
in a strongly sub-stoichiometric condition without noticeable soot deposits. In fact, the

extent of soot formation during cool flame regime is still unknown. However, aiming to
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reduce the total NOy emission, especially the NOy caused by conversion of fuel nitrogen,
Schrag et al. [8] described the concept of an oil burner using cool ﬂdmes. In the first step,
the preheated fuel-air mixture is subjected to cool flame regime before being burned in a
second step. The level of the inhibition of NO formation through the utilization of cool
flame process is still unknown. The cool flame mcfhod can be applicable for diesel
engines and/or fuel cells. Indeed, the recent investigations on cool flame regime and the
suggestions made by the RTWH group in Germany [7,53,62] pave the way for thorough
studies of this process and can lead to its use beneficially in industrial applications

including fuel cell technology.

Due to their complex nature, cool flames were also §tudied in microgra:vity to
minimize natural convection using n-butane as fuel [39]. It seems that cool flames
generally occur at lower temperatures and pressures in 1'educcd;gravity enviroﬁments
[39]. The tests were conducted onboard NASA’s KC-135 microgravity aircraft where the
g-levels are cffectively reduced to 102 geann [54]. The irreproducibility resulting from
radical-wall interactions were minilnized either by baking or chemically deactivating the
stainless steel vessel by using a deactivating- agent (Sylon). In the untreated vessel about
42, % more of fuel was consumed at 1 g than at micro-g at 22 kPa and 583 K. The
difference in fuel consumption cannot be attributed to a purely thermal effect since no
difference in fuel consumption was measured when the walls were inactive. The author
hypothesized that possibly the symmetric distribution of species at micro-g may have led

to enhanced termination ai the vessel walls, which moderates the reaction rate. It was not
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clear whether the additional amount of fuel consumed at 1 g had reacted or the fuel

molecules were adsorbed on the vessel wall surfaces.

3. 2. Role of oxidation reactions in the ignition of fuels

Autoignitién is defined as the ignition of a combustible material, commonly with air,
as a result of heat generation from exothermic oxidation reactions wﬁhout the‘ aid of
external energy source such as spark or flame t40]. It is influenced by several parameters,
including vessel size and geometry, fuel/oxygen ratio, diluents gas, pressure, ignifion
zone (cool flame), ignition delay T, chemical structure, additives, surface effect
(catalysis) and physical state of the fuel. Ignition delay time t; (equation 11) is an
important factor in the autoignition process. It is composed of physical (time for the
droplet to evaporate, diffuse and mix with air and heat up to cham;ber temperature) and
chemical delay (cqntact of fuel and oxygen tnvolving kinetics of chemical reactipn that
form the critical concentration of free radicals and other intermediates necessary for
ignition). This delay time may take a fraction of a second or as long as many minutes,
depending on the temperature, composition and chemical structure of the fuel.

Ti = Tphys + T chem. (11)

There is abundant literature on the modeling of ignition [63]. In this section, we
briefly illustrate the dependence of the ignition on the kinetics of the oxidation réaction
and evidently the bdlmdary between cool flame and ignition [40]. Measurements of
ignition delay have been correlated [64] as follows:

Log o{7 [fuel"[O;]°[Ar]°} = A/T + B (12)
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where T, is the induction period (delay time), A and B are constants, a, b and ¢ correlation
parameters. The apparent activation energy is given by 2.303 AR, With R the universal
gas constant, In accord with classical chemical kinetics, the ignition delay time of several
fuels (Jet-A, JP-4, Dicsel # 2, cetane) correlate with the inverse of the pressure and the
exponent of the inverse temperature [65]:

- T = Apexp(E/RT) (13)
were A and n are constants, and E the global apparent activation energy. For an inlet
temperature of 1000 K, an equivalent ratio of 0.3 to 1.0 and a pressure of 1.to 3 MPa,
ignition delay times were in the range of 1-50 ms, at free stream flow velocities \}arying
from 20 to 100 m/fs. Computational techniques using chemical kinetic reaction
mechani‘sms as those used by Dagaut et al., [9,10], Ranzi et al. [13] and Gaffuri ef al. [52]
have been applied to the calculation of knock tendencies in internal combustion engines
[57,66,67]. In addition, knocking properties of the fuel mixtures have been examined for

n-heptane and cetane [68].

The kinetic mechanisms were used to simulate the end gas reactions during
compression and flame propagation periods in an engine. This end gas is heated aﬁd
compressed by piston motion and by the moving flame and would eventually ignite
spontaneously and produce knock, given sufficient time. Under normal engine
operations, the flame consumes the end gas before this ignition occurs and knock is
avoided. It was shown that the ignition delay time increases with the resear(':h octané
number (RON) [67]. Some additives have a little effect or no charige on the computed

time of ignition, including acetone, methanol, acetaldehyde and the olefin species [57].
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All alkylhydroperoxides produced strong pro-knock effect resulting from the
decomposition of the hydroxyperoxide (ROOH) at the O-O bond to produce a large
amount of OH and alkoxy (RO) radicals when T exceeds 900 K, and thus, ignition delay
times are reduced for all the fuels examined [57]. The self-ignition behavior of n-decane
and dimethyl ether in the temperature range of 650-1300 K are very similar to that of n-
heptane, with a two-step self-ignition: The first step, a cool flame process at lower
temperatures and a very short deflagration phase followed by a secoﬁdary explosion [69].
The time difference between the first pressure rise caused by the cool flame process and
the detonation, decreases with decreasing temperature, whereas the intensity of the cool
flame process increases. The ignition delay times of both n-decane and dimethyl ether

showed a negative temperature coefficient (NTC) in the Arrhenius plot.

3.3. Reaction Kinetics and mechanisms of the oxidation and combustion of reference

fuaels

The oxidation of hydrocarbon fuels is an important element in modéling autoignition,
flame propagation and pollutant emissions in antomobile engines. The continued interest
in the modeling of n-heptane and iso-octane (2,2,4-trimethylpentane) may help for a
better understanding of knocking behavior in internal combustion engines. A reliable
kinetic model of these two reference tuel molecules is the starting =point for comparing
the knocking tendency of commercial fuels and additives of interest to auto:fnotive
combustion [13,14]. The great progress in compuiing systems enables the use of
thousands of complex chemical reactions, especially of large hydrocarbon molecules in

chemical kinetic modeling. To validate kinetic models, different parameters including
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temperatm'é, air/fuel equivalence ratio, résidence time, pressure, fuel composition and
physico-chemical properties have to be experimentally siudied. For this, several
experimental techniques have been used: flame supported by burneré, static reactors, plug
flow reactors, single-pulse shock tubes and continuous-flow stirred tank reactors
[9,10,58,70]. Westbrook et al. [71} reviewed the chemical kinetic modeling of high
temperature hydrocarbon oxidation and combustion (T = 1000 K) for simple
hydrocarbons (up to CD and proposed a simplified mechanism for larger alkanes (up to
Cy), such as n-heptane. The simplest ovérall reaction representing the oxidatjdn of a
typical hydrocarbon fuel is;
Fuel + 1,0 - nCO; + ngH0 (14

where the stoichiometric coefficients (n;) are determined by the choice of fuel, This
global reaction is often a convenient way of approximating the effects of the many

individual reactions, which actually occur. The rate must therefore represent an

appropriate average of all the individual reaction rates involved. The single rate

expression is usually expressed as: |
Rate = AT exp(-E/RT)[fuellfoxygen]® - | (15)
The general reaction rate constant, which depends on the temperature, is given by the
modified Arrhenius form as: k = AT exp(-E/RT), where A is the preexponential collision
factor and E,, the activation energy, In a great majority of cases, it is assumed that the
overall reaction is first order with respect to both fuel and oxidizer, so that a = b = 1.
However, this choice of reaction order may lead to serious etrors [71]. Based on a quasi-

global mechanism, the kinetic parameters for the oxidation of n-heptane at high
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temperatures calculated by Westbrook and Dryer [71], were as folldws: a=025b=1.5,

A =4.3x10" and E, = 30 kcal.

Analysis of combustion in laminar flames, shock tubes, flow systems and in internal
combustion engines using detailed kinetic modeling has frequently provided more
knowledge about the system than was available from the experimental results alone [72].
However, much of this research has been limited to rather small fuel molecules, such as
hydrogen, methane, ethane and propane (H; CHy C,Hg and 63}13), which are not
characteristic of those found in conventional liquid hydrocarbon fuels (71,731, Still, the
kinetic models of larger hydrocarbon molecules were developed on the basis of the
reaction mechanisms and the kinetic parameters of the ditferent steps involved in the
oxidation of the cited small molecules and are summarized in a valuable table by Baulch
et al. [74). The effect of the molecular structure on the engine knock characteristics has
led to the developments of detailed chemical kinetic models for larger molecules, such as

n-heptane and iso-octane [9,10,68,75].

In the mid 1990s, a valuable study on the oxidation of n-heptane, iso-octane and their
mixture was conducted [9,10,11]. Oxidation experiments were carried out using a
continuous-flow stirred tank reactor (CFSTR) in fused silica to prevent wall catalytic
reactions under operating préssures up to 10 atm (~ 1 MPa). The quartz reacior is located
inside a stainless-steel pressure resistant jacket. The mean residence time was well

defined from 0.01 to 3 s by regulating the flow of the pre-heated air mixture within

'temperature ranges from 550 to 1150 K and from 900 to 1200 K under a pressure of 1
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MPa and an equivalence ratio A from varying from 0.3 to 1.5. In order to,reduce
temperature gradient, heat release and avoid ignition, a high degree of dilution was used
to get an initial fuel mole fraction of 0.001 (0.1 %). The liquid fuel was delivered by
HPLC pump, diluted with nitrogen and sent to the vaporizer. This hémogeneous
nitrogen-fuel mixture was introduced through a capillary to prevent reactions before entry
into the reactor, A nitrogen flow of 100 I/h was used to dilute the fuel. The gases were
preheated before injection in order to reduce the temperature gradient, which was within
10 K inside the fused silica reactor. Several gas bhromatographs with different columns
were used to identify the reaction products, including CO, CO,, C to Cg hydrocarbons
and oxygenates (aldehydes, ketones, alcohols and ethers). Identification and
guantification of spebies was accomplished using standafd gas nﬁxtures and GC/MS

analyses. Identification of unknown components was confirmed by GC/FTIR.

The reaction scheme of n-heptane oxidation (Fig. 3) shows the maiﬁ possible reaction .
products (89 compounds, with 25 products determined) and had been suggested three
decades ago [45]. With the evolution of analytical techniques, namely gas
chromatography coupled with mass spectrometry; the experimental mole fraction profiles
as a function of temperature were obtained for over 30 of the reaction products from n-
heptane [9]. I, CO, CO,; CHy, gthane, ethylene, acetylene, propane, propene,
propadiene, propyne, 1,3-butadiene, I1-pentene, 2-pentene (cis- and frans-), 1,3-
pentadiene, 1-hexene, benzene, 1-heptene, 2-heptene (cis- and trans-), 3-pentene (cis- and
trans), n-heptane. Oxygenates (CH,O, CH;0H CH3CHO, cthylene oxide, ethers,

acetone). Cyclics (2-methyl,5-cthyl-tetrahydrofurane (cis- and frans-) and 2-
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methyltetrahydrofurane) were also detected at 50 to 80 ppm. -Belov? 750 K, low
temperature oxidation of n-heptane occurs with the formation of CO, CO, and several
oxygenate compounds. The data show that a large fraction of the initial fuel (up to 75 %)
was converted into pfoducts in this cool flame region. From 640't0 750 K, the negative
temperature coefficient (NTC) of reaction rate was observed, More details will bé given
on the NTC region in the next section. At higher temperatures (T > 750 K), there is a
rapid production of CO, CO,, CHz0, and saturated and unsaturated hydrocarb‘ons until
complete initial fuel c_onsumption. It is worthy to note that ethylene is the major
hydrocarbon followed by mecthane, propene and 1-butene. Formaldehyde is the major
oxygenated intermediate after carbon monoxide in the wholé range of temperature.
Chakir et al. [76] showed that in -the range of 950-1200 K, with a mean residence time
varying from 0.08 to 0.3 s, an equivalence ratio varying from 0.2 to 2.0 and aﬁ initial
conceniration of n-heptane of 0.15 %, the major reacvtion products of the lean mixture
oxidation were carbon monoxide and carbon dioxide, as well as ethylene, pi'opene,
methane and 1-butene, 1-heptene, 1-hexene and acétylene and pther olefing present as
minor products. Also, they stated that the mechanism presented could closely predict the

ignition delay time of alkanes (up to Cy).

For iso-octane oxidation [10], the reaction i)roducts and their protfile differ from those
obtained from n-heptane. In addition to H, CO, CO,, CHy, ethane, ethylene, acetylene,
Ijropene, propadiene, propyne, 1,3-butadiene, which were formed upon n-heptane
oxidation, several branched alkenes were produced [iso-butene, methyl-1-butene, 2-

methyl-2-butene, iso-propene (2-methyl-1-3-butadiene), 4,4-dimethyl-2-pentene (cis- and
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trans-), 2,4-dimethyl-2-pentene, 4,4-dimethy1—l-pcntene; 2,4-dimethyl-1-pentene, iso-
octane, 2,4,4-dimethyl-2-pentene] and also traces of acetaldehyde. and acetone. Below
700 K, low temperature oxidation of iso-octane takes place with fortnaﬁon of CO, CO,, a
small amount of oxygenated compounds (< 1ppm) and only a very small fraction of fuel
was converted into products. Above 720 K, rapid high temperature oxidation started with
formation of CO, CO,, CH,0O and saturated and unsaturated hydroéélrb ons until complete
fuel consnmption. iso-Butylene is the major intermediate hydrqcafbon in fuel lean
conditions, folldwed by methane, ethylene and propene. The branched alkane structure of
iso-octane and ;its higher molecular weight might be reasons for the difference of
behavior, Dagaut et al. [9] rationalized it in terms of structure-reactivity relationship at
low temperatures and presented the major steps (reactions 16-25) of the general
mechanism for alkanes, which has also been described by numerous other authors
[13,14,42,71].

RH +0; — R + HOy - (16)

HO; + RH —» H0, + R , (17
Since reaction 16 is quite slow, reaction 17 represents the main alkyl radical production
route in the system. Either n-heptane or ise-octane can lead to the formation of four
different heptyl radicals (Fig. 3), which can (a} decompose by C-C bond scission to
produce an olefin and an alkyl radical, (b) isomerize to anothér alkyl radif.:al and (c) rea.ct

with O, to produce a peroxy radical (reaction 18} or an olefin and HO,' (reaction 19)._

R + Oy &< ROy (18)

R + Oy & olefin + HOy ' (19
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The rate constant of channel (reaction 19) depends on the structure of R. The peroxy
radicals can react with the fuel to produce the corresponding alkylhydroperoxy radical
(reaction 20) or isomerize to another alkylhydroperoxide QOOH by internal H

abstraction (reaction 21)

RO, + RH — 'ROOH +R (20)
RO, < 'QOOH : @

The alkylhydroperoxy radical goes through several reactions, namely, OH elimination
(reaction 22), reaction with O, (reaction 23), internal H-atom abstraction and OH

elimination (reaction 24) and branching (reaction 25).

‘QOCH — QO + OH : (22)
'QOCH + O, — “00QOOH (23)
'0O0Q00OH — OH + 'OQ’0O0H e (24
‘OQ'00H — 0Q0 + OH . (25)

It is suggested that the susceptibility of long chain hydrocarbon fuels to produce
engine knock is tied to the ease of the internal isomerization of the peroxy radical to an
alkylhydroperoxy [77]. Ranzi et al. [13] presented a semi detzﬁled kinetic scheme for tﬂé
oxidation of iso-octane at low ;md high temperatures. The mechanism was also reduced
to a “lumped” kinetic model involving only a limited number of intermediate steps. The
authors suggested that this model is flexible enough to give accurate prediction of
intermediate compénents, heat release, and ignition delay times for a wide range of

operating parameters.
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In a complementary study, Dagaut et al. [11] investigated the reaction products
formed upon oxidation of mixtures of n-heptane and iso-ocatane m the same conditions
as before [9] and at various compositions giving different research octane numbers
(RON) at a étoichiometric ratio A = 1. The data show that up to 60 % of the initial fuel in
low RON mixtures was converted to products. At very high RON (RON = 90), much
lower reactivity was observed, but still higher than for pure iso—()ctaﬁe, indicating thé
strong activating effect of n-heptane on the oxidation of iso-octane in the Iow temperature
regime. Ethylene is the major intermediate hydrocarbon and formaldehyde is the major
oxygenated intermediatc after carbon monoxide in all the conditions from cool flame to
high temperatarc oxidation. In the loﬁv temperature range, several cyclic ethers are

formed and their importance varies with RON.,

Knowing the most important reaction products formed and based on the general gas
phase oxidation mechanism, several studies have used computer softwares, such as
CHEMKIN T and EXGAS, to generate detailed chemical kinetic models [78,79]. In
order to test the accuracy of the theoretical model, Come et al. [78] compared their
kinetic model to the experimental data of Dagaut et al. [9] at low temperature (550-850
K} and to the experimental data of Chakir et al. [76] at high temperature (900-1200 K).
The model does not predict well the experimental data at low temperature aﬁd the
simulation of some of the reaction products, incliding alkenes, methane and CO still
remained approximate. However, at temperatures higher than 1080 K, the experimental
data fitted quite well in the kinetic model for CHs, CoHy and CO. At low temperature

(550-850 K), the kinetic model was fitted into the experimental data of the reacting fuels -
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(n-heptane and iso-octane} consumption versus temperature and' among the reaction
products; only the fitting of CO by the model was shown. Table 5 shows the
concentrations of the reaction producis formed in the low temperature rangé upon
oxidation of n-heptane, mainly consisting of ‘alkenes and methane. Apparently, there is a
significant difference between the model and the experimental data. Therefore, whether
based on the major steps of the reaction or lomped mechanisms, these kinetic models are
still not satisfactory for predicting the reaction products formed at low temperature and in

the cool flame regime and around the NTC region.

Curran et al,, [80] developed a chemical kinetic mechanism for the oxidation of n-
heptane in flow reactor, shock tube, and rapid compression machines over a range of
pressure 0.1-4.2 MPa, a range of temperature from low to high (550-1700 K) _and an
equivalence ratio varying from 0.3 from 1.5. The analysis shows fhat the low-temperature
chemistry is wvery sensitive to the IOLmation of stable olefin specigs from
hydroperoxyalkyl radicals and to the chain-branching steps involving ketohydroperoxide
molecules. Experimental and modeling results agree with automotive engine experience
that a fuelrich mixture has a greater tendency to autoignite and lead to knock than
stoichiometric or fuel-lean mixtures. Also, the magnitude of NTC region is very closely
reproduced by the reaction mechanism, as well as the shift of _the NTC to higher
temperatures as the pressure increases, indicating the influence of the pressure on the
equilibria of the addition reaction of molecular oxygen (o the alkyl and hydroperoxy-

alkyl radicals.
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More recently, Glaude et al. [81] constructed a simplified modf;l for the oxidation of
alkanes based on the chemical and kinetic principles ﬁsing the automatic generation of
reaction mechanisms by the computer software EXGAS. The simpﬁfication was devoted .
to the complex primary mechanism for s-heptane. The mechzinism includes 3662
reactions (excluding termination steps involving 470 species). However, the simph’fied
mechanism seems to be influenced by the temperature range. The same group [61]
coupled EXGAS, THERGAS and KINGAS softwares to obtain thermochemical and
kinetic data, suggesting that the complete package makes EXGAS a unique and very
powerful ool for the production of complete chemical models directly usable for
simulation. According to the authors, this software permitted their: laboratory to be the
first to p_erform a detailed modeling of complex chemicals, namely the oxiclatioh of n-
octane, n-decane, mixture of n-heptane and ise-octane or mixtures of n-heptane and

ethyl-ter-butyl ether.

Favored by the vertiginous progress in pomputing systems, there is an appreciable
extension of modeling capabilities, and thus, abundant Literature -on chemical kinetic
models has emerged [14,82,83]. Further, the major reaction produbts of fuel oxidation
that have an impact on engine knock and ignition delay time were determined [9,13,71].
However, most of these studies are limited to the pure hydrocarbons n-heptane and iso-
octane [14,81] that are used as references or surrogates.to the compléx fuel oils V{rhether
derived f_rom coal or petrolenm distillates. On the other hand, feﬁv kinetic studies on
representative aromatic hydrécarbons present in commercial fuels, such as benzene and

alkylbenzne, have seen the light [82,83]. Due to their complex chemical composition and
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their physico-chemical properties, to date and to the best of our knowledge, studies on the
kinetic modeling and reaction products, including experimental data on fuel oils are still

scanty [38].

Axclsson et al. [72] presented a kinetic model that generally predicted the rate of
octane fuel disappearance and the level of the larger intermediate species in both the
turbulent flow reactor and in the low-pressure laminar flame. They suggested that site-
specific H atom abstraction reactions, internal H atom abstraction and thermal
decomposition of the octyl radicals were found to be important in the oxidation behavior
of octane. In order to understand the oxidation of petroleum based oils, which are
complex mixtures of hydfocarbons, where heteroatom-containing ‘compounds that can
function as pro-oxidants or anti-oxidants ate often present, Blaine et al. [15] developed a
reaction model describing under severe conditions, the auto-oxidation of cetane (n-
hexadecane) as relevant model reactant, Numerical analysis showed that hydroperoxides
were formed in the reaction step with the smallest rate constants, and they decomposed in
the step with the largest rate constants, indicating that hydroperoxides are key reaction
products and play a major role in the oxidation reaction network, In addition, the
mathematical model correlated quite well with experimental data obtained at low

temperature (413-453 K).

Because of its use for the estimation of cetane number in diesel engines, a detailed
chemical model of the hexadecane gas-phase oxidation and combustion will help to

enhance diesel performance and reduce the emission of pollutants. Among the few
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studies on hexadecane oxidation modeling, Fournet et al. [84] presented a model based
on experiments performed in 2 jet 'stirred reactor at high temperature (1000-1250 K), 1
atm, a residence time of 0.07; S, an equivalence ratio varying from 0.5 to -1.5 and high
nitrogen dilution (0.03 mol % fuel). The computer software EXGAS [81] was used to
generate the detailed high temperature kinetic mechanism, which includes 1787 reactions
and 265 species. It seerns that the long chain of cetane necessitates the use of a detailed
secondary mechanism for the consumption of the alkenes formed as a result of primary
parent fuel decomposition. Using the same experimental conditions at high temperature’
as those of Fournet et al. [8_4], Ristori et al. [85] obtained new experimental resulis for the
oxidation of n-hexadecane. Molecular species including reactants, intermediates and final
products were measured via sonic quartz probe sampling and on-line/oft-line gas
chromatography (GC—MS, FID, TCD). Therefore, a detailed kinetic reaction mccham’sm
consisting of 1801 reactions and 242 species was built and validated by the experimental
measurements. To further validate the proposed kinetic scheme and include it in a model
for the combustidn of diesel fuel, more experimental measurements are still needed,
including ignition delays, flame speeds and flame structures, Also, adapting the model to

lower temperatures around cool flame region deserve attention.

After the work of Gueret et al. [38] on the modeling of kerosene and the mixture of
three reference fuels that may closely represent kérosene, little is yet known on the
oxidation of diesel fuels. The oxidation of kerosene and a mixture of 53 pure hydrocarbons
(n-tmdecane,'n—propylcyclohcxane and 1,2,4-trimethybenzene at the ratio of 79:10:11 %

was studied in a jet-stirred flow .reactor, in the range of temperature 873-1033 K at
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atmospheric pressure. The reaction products formed during the oxidation of kerosene and -
the ternary mixtu;‘c, measured by gas chromatography (GC) at different mean residence
times, up to 0.3 s, were identical, The main hydrocarbon interrﬁediates found, were
ethylene, propene, methane, 1-butene, 1,3-butadienc and ethane. Several other
unsaturated hydrocarbons were also detected as minor products: I-pentene, 1-hexene, 1-
heptene, 1-octene, 1-nonene, I-decene.al-ld also 1,3-pentadiene, cycopentadiene, benzene,
toluene and xylene. The concentration profiles of the reaction product molecular species
in the oxidation of kerosene and the surrogate mixture were very similar, indicating that
the mixtare of 3 hydrocarbons from Co to Cyy belonging to 3 different chemical families
(n-alkanes, cyclané and aromatics) is representative of the kerosene studied. On the basis
of the experimental observation at Iow  concentration level for large hydrocarbon
intermediates, quasi-global chemical kinetic reaction mechanisms were developed to .
reproduce the experimental data. The rate expressions for the first global reaction step
derived from equation 15 withn =0, is:
Rate = Aexp(-E/RT)[fuell{oxygen]” (26)

The values of a, b, A and E, (kcal) are presented in Table 6

Dagaut et al, [11] studied the oxidation of kerosene and Jet A-1 aviation fuel in a jet-
stirred reactor (JSR) at high pressure from [0 to 40 atm in the temperature range of 750
to 1150 K. The main intermediate reaction products of kerosene oxidation were carbon
monoxide, lower alkenc (ethylene, propene, 1-butene), methane and lower unsaturated
hydrocarbons (acetylene, propadiene, propyne). Among other products, they detected Cs A

to Cy alkenes and aromatics (benzene, toluene and xylene). Their study showed that the
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use of a detailed chemical kinetic reaction mechanism written for the reference fuel n-
decane was applicable to predict with reasonable accuracy the main combustion

characteristics of kerosene under the conditions cited above.

Keeping in mind the difficulty of fitting the kinetic models to the exper'imentall data in
the cool flame region (573-773), we used the general rate equation 26 to estimate the
conversion of some fuels with known kinetic parameters, such as, n-heptane, n-undecane,
trimethylbenzene and kerosene (Fig. 8). For thﬁt, we made the general asswnption that
the reaction is of first order to both the fuel and the oxidizer, and for each mole of fuel
there are b/a moles of reacting oxygen, with 2 = 0.25 and b = 1.5 (b/a = 6} according to
the assumption of Westbrook and Dryer [71]. Thus, equation 26 becqmes:

difuell/dt = - k[fuel]{O;] 27
with [fuel] = x , [O;] = 6x and k = Aexp(-E,/RT), we have dx/dt = - 6_1{}{9’, which can be
writien as: dx/® = - 6kdt _ (28)
Initially at t = 0, the concentration of fuel is x(0), thus, integration of equation 28 gives
the concentration of the fuel at time t:

x(t) = 1/[6kt + 1/x(0)] , (29)
Since the constant rate k = Aexp(-E,/RT) depends on the temperature, the conversion of
the fuel will also be function of temperature: |
Conversion (%) = [(x(0)r— X(t)T)XIOO}/X(O)T &)

Given the values of A and E, (Table 6), the conversion of n-heptane, n-undecane,

frimethylbenzene and kerosene were estimafed as a function of the temperature and

residence time at an equivalence ratio A = 1 corresponding to an initial fuel concentration
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of 1.87 % and a concentration of Oy of 20.60 % (air containing 21.0 % O, used as an
oxidant). The conversion of a-heptane is much higher than that of other fuels and reaches
more than 99 % at a residence time of 0.5 s and 773 K (Fig. 8). It is cl_ear that to have
more accurate estimations, the major steps of the oxidation reactions have fo be taken

into account in a model incorporated in computer software.

As it has been emphasized all along in this review, most investigations on the
oxidation modeling of fuels are limited to the alkanes (n-heptanes and iso-octane) and
only a few studies have targeted aromatic compounds, which constitute a significant
propottion (up to 20 %} of fuel oils, such as diesel. On the other hand, the kinetic
mechanisms of polyaromatic hydrocarbons (PAHs) generation and soot formation from
gas phase combustion, which remain a topic of a significant debate [14], are still obscure,
Although, the condensation reactions and the PAH formation me:chanisms are further
unifying elements in pyrolysis, partial oxidation and combustion kinetics, so Tar little is
known on the modeling of these phenomena. Ranzi et al. [14] suggested that PAH growth
in delayed coking and liquid phase pyrolysis, fouling phenomena in steam cracker coils
and soot formation in combustion processes, can be at least, partially explained on the
basis of similar kinetic mechanisms. To date, published data on kinetics of oxidation of

commercial fuels, such as gasoline and diesel fuels are still scarce [9,38].

3.4. Oxidation and combustion of commercial fuels and biofnels -
Because of their complex chemical composition, the behavior of commercial fuel in

terms of reactivity is still not elucidated. In effect, most of the investigati0n$ used
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surrogate reference fuels, namely n-heptane, iso-octane, and to a lesser extent, cetane and
undecane. Despite the difficulties encountered in these complex h'ydrocarboné, it is
important to experimentally examine feal fuels, whose general charécteristics afe given in
Table 7, i1 order to elucidate their behavior vis-c‘#vis of knocking, ignition, and also,
oxidation and combustion. The distillation curve of diesel # 2 (Fig. 9) illustrates very well
the complexity of this tuel that contains a mlﬂtiulde of components. The distillation curve
of n-heptane corresponds to a horizontal straight line indicting the boiling point at 371.4
K of a single component [86]. Whereas, the gradual increase in the recovery of the diesel
distillates with increasing tempcrature from 460 to 600 [16] indicate the change in the
boiling point of the fuel complex structure (Fig. 9), which results from a multitude of
components and fractions in the diesel. This complex behavior of the diesel fuel is often
approached by using single component hydrocarbon surrogates and in a fewlf more

advanced studies by a mixture of 2 or‘3 hydrocarbons [9,11,17,38].

Combustion modeling of real fuels like gasoline, jet fuel and diese! is hampered by
the complexity of these hydrocarbon distillates [17]. Characterization of these fuel and
also elucidation of‘ their oxidation, may enable us to develop suitable methods for fuel
preparation for the applications mentioned previously, namely, pre-vaporized burning, as
well as reforming for fuel cell technology, using cool flames. According to Edwards [17],
analysis of aviation kerosene indicates that a modeling surrogate would match real
aviation fuel with more accuracy if (l)l the fraction of aromatics was increased to about

18 % (viv), (2) the aromatic was a Cyo alkyl benzene, and (3) the non-aromatic

“component was an iso-paraffin and/or naphthene, as opposed fo n-paraffin: Given the
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scarcity of experimental data, it is certainly debatable whether thes¢ changes would
improve the accuracj of the model prediction for aviation kerosene combustion. The
author suggested that surrogates for specialty kerosenes like JP-7, RP—'[ and RG-1 shouid
be based primarily on Cy;~Cy2 naphthenes and iso-paraffins to match the real fuels as

closely as possible.

To test the thermal and oxidative stability of Jet fuel (Jet A-1, JP-TS and Jet A),
Heneghan and Shuliz [87] used a surrogate fuel Jet P-8S composed of a mixture of a
dozen components adding to 65 % alkanes, 20 % aromatics and 15 % naphthcnés. The
oxidation of these fuels in static and flowing conditions was studied by follow?ing the
oxygen consumption, the appearance of peroxides, alcohols and ketones. After exposure
of the fuels to a temperature of 290 K, the deposits were analyzed by FTIR, GC and
HPLC techniques. The thermal stabiﬁty was measured by the Jet fuel thermal oxidative
tester JFTOT). The data showed that contrary to the expectations, the rate rat which the
fuel oxidizes was found to be inversely related to the rate of formation of insoluble
products. Some properties of Jet and dicsel fuels of different boiling ranges, namely,
aromatic contents, hydrogen content, smoke point, density and cetane number, can be
determined from simple linear relations [88]: |

P=a;Ca+a3Cyur+biTio+ b2 Too + k : (31)
Where ay, ap, by, by, k, are constants and T and To, temperatures at 10 and 90 % of fuel
vaporized. The predictive equation 31 correlated well with experimental data and should
assist in defining broad refining requirements for fuels. The influence of fuel composition

on first stage of combustion and soot formation was tested for tetradecane, n-heptane and
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diesel fuel using spectral extinction and flame intensity to evaluate the effect of aromatic
compounds in diesel fuel on soot formation [16]. The total amount of soot formed during
combustion was in the order: n-heptane < tetradecane < diesel, indicating the contribution

of the aromatic comp onents in the diesel fuel.

In ﬂle presence of heat and dissolved O,, jet fuel degrades through a complex
sequence of chemical reactions forming oxidized products and fouling surfaces [89]. Jet
fuel oxidation and the effect of"antioxidants and antioxidant additives have been studied
[89] using a chemical kinetic model and a computational fluid djmamics‘code l(CFD)
which employs pseudo-detailed kinetic modeling of dissolved O, consumption and
antioxidant chemistry in Jet fﬁel. Concentration profiles of various species along a
stainless-steel tube were calculated for both nearly isothermal and non-isothermal
flowing systems. Predicted dissolved oxygen and hydroperoxide profiles agreed well
with the measured profiles over a range of bulk fuel temperatures and flow conditions.
The model was found to be able to simulate a synergistic reduction in the oxidation rate.
in the presence of antioxidants, However to date, little is known on the gas phase

oxidation kinetic mechanisms of commercial fuels, inchuding gasoline and diesel,

4. Reforming of fuels for fuel cell technology

The studies discussed above were related to the oxidation and combustion of fuels.
They have contributed a great deal in understanding mainly the oxidation and combustion
of reference fuels. These investigations have made a significant contribuﬁon in

developing efficient engines and oil burners, projecting optimum fuel consumption to
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reduce the energy demand and lowering pollutant emissions that have to meet the
regulations. During the last 3 decades there are growing concerns about. the shortage in
energy supply in the world, as well as about the increase of pollution including that of
green house gases. This has spurred the development of fuel cells that convert chemical
energy to electrical energy [4,90,91,92] using hydrogen as fugl with low to zero pollutant

emission.

Hydrogen is an ideal fuel for fuel cells. Unfortunately, this valuable gas is not a
primary source of energy as fuel to be used in transportation vehicles, aerospace and
other industrial sectors and has to be produced through conversion of hydrogen-rich
energy carriers, such as natural gas, petroleum derived hydrocarboné, methanol and coal;
Therefore, the successful development of fuel cell-powered vehicles is dependent on the
development of fuel processors. The most common techniques of hydrogen production
for fuel cell technology are the catalytic partial oxidation and catalytic reforming of
primary (natural gas, gasoline, diesel) or secondary (methane, lln-etha-nol) fuels into
synthesis gas (H, + CO). As discussed in the cool ﬂamé section, the pretreatment of the
fuel via partial auto-oxidation under cool flame éenditions (Fig. 1) is more advantageous
to the reforming processes than the direct use of untreated fuels for the generation of

hydrogen,

As the focal point of this review rcmains on the oxidation and reforming of fuels, the
fundamentals of fuel cell as an electrochemical system and an energy conversion device

are out of the scope of this study and is the subject of several reviews [4,90-94],
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Nevertheless, it is relevant here to briefly discuss the different types of fuel cells that will
be referred to in the fuel reforming section. Fuel cells are naméd by the kind of
electrolyte, which plays a paramount role in the transport of the electrons upon oxidation
of hydrogen at the ancde and reduction of oxygen at the cathode, and thereby generating
current. The main investigated fuel cells includg phosphoric acid fuel cells (PAFCs) [4];
molten carbonate fuel cells (MCFCs) [95-98], and solid oxide fuel cells (SOFCs) [99-
101] that demonstrate high efficiency (45 %) [6] and operates at intermediate to high
temperatures [4,99,102]. Given the state of technology, the polymer electrolyte fuel cell
(PEFC) has the potential to replace the internal combustion eng'me. for propulsion powet
[103], if it could operate on hydrogen [6]. Proton exchange membrane fitel cell (PEMFC)
also called solid polymer fuel cell (SPFC) [4,104] have gained interest in the recent yéars
and superseded atkaline electrolyte fuel cells‘ (AEFC) that were developed in 1960s and
1970s {4]. Defa:iled description of‘ the different fuel cell systems and the advancement in
this technology are presented by Kordesch and Simader [94] and Lérmini and Dicks [4].

As mentioned above, the alternative to the lack of hydrogen refueling infrastructure and

 the low density of hydrogen storage is to carry liquid fuels that have high energy density

and convert them to Hy-rich gas (reformate) via onboard fuel processor using the

different techniques described below.

Before discussing the most receni studies on the partial oxidation and reforming of
methane and natural gas as major sources of hydrogen, we briefly highlight the
theoretical aspects and mechanisms of these processes [6,105]. The process of partial

oxidation (PO} is based on extreme rich combustion (low air/fuel ratio). The fuel is
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oxidized to give CO, COy H, and H,O according to the follovﬁng reactions, both

catalytically and non-catalytically [105]:

CHO, +(x-22)0;, - (2H, + xCO, (32)
GHO, +(x2-20, — 2H, + xCO ‘ (33)
CHO, +(X+¥/4-2)0, — (Y2)H0 + xCO, (34)

A catalytic system will reduce the operating temperature if the heat can be supplied
directly to the catalytic bed. An advantage df this process is the insensitivity to
contaminants and also indifference to the fuel type. The drawback is the risk of carbon
precipitation and deactivation of the catalyst [105]. Tn addition to Boudouard reaction 35,
methane decomposition (reaction 36) as well as CO and CO; hydrogenation (reactions 37

and 38) must be controlled:

2C0(g) < COyg) + C(s) ' (35)

CHi(g) < 2Hyg) + C(s) (36)
CO(g) + Hy(g) < H0(g) + C(s) B (37
CO,(g) + Hay(g) = 2H,0(g) + C(s) .‘ (38)

Methane cracking is an endothermic reaction (AH; > 0), while the others are exothermic
(AH, < 0). Partial oxidationr (PO) can be followed by steam reforming (SR), and thllS, the
heat generated by the partial oxidation will be used to supply the energy necessary for the'
steam reforming (reaction 39). The main role of steam in the reforming reactions is to
push the equilibrivm toward H; and CO formation (reactions 37 and 38) [93].

CHO, + (2% - H0 — (¥2)+2x-2)H, + xCO, ~ (39)
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Usually, reforming processes including both steam and oxygen érc often designed as

“autothermal reforming (ATR); with (AH; ~ () in the reaction 39, but in reality a certain

excess of air is added to compensate for heat losses (reaction 40).
CH,O; + O + 5O, — tHy + xCO;, 40
Lower temperatures favor the water-gas shift reaction (reaction 41), which results in a

higher selectivity for carbon dioxide and hydrogen.
CO + HhO <= CO+ Hy C(41)

Based on an idealized calculation using the packaged softwlare HSC-Chemistry,
Ahmed and Krumpelt [6] stated that PO and ATR processes aré more attractive for
practical applications and capable of higher reforming cfficiencies than SR. Whatever the
type of the fuel reforming process, the fact that petroleum deﬁvatives contain sulfur,
which is a notorious catalyst poison, a preliminaty desulphurisatjon step is required.
Careful design of a desulphurization system is required to ensure that the fuel gas passing
through the reformer catalyst to the fuel cell stacks contains only very low levels of
sulphur (< 0.1 ppm) [4]. Howevér, it is worth mentioning that biofuels are free of sulfur
and should be considered for reforming, The other additional step is to clean up through
water gas shift reaction (preferential oxidation) to lower the level of CO [105]. Fig. 10
depicts the different steps undertaken in the reforming process of fuels into hydrogen-rich
gas followed by a preferential oxiddtion prior to supply the fuel cell system with
hydrogen. To the original scheme presented by Thomas et al. [5], Wé have incorporated a
new category of potential fuel (biofuel) and a new step delineating the pretreatment of

fuel oils in cool flame prior to the reforming. However, there is no data available on the -
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yield of Hy to be expected from the reforming of either biofuel (Fig. 10, path b) or cool

flame treatment of liquid fuels, including biofnels (Fig. 10, path ¢).

4.1. Reforming of methane, natural gas and methanol
Methane is the major component (up to 90%) of natural gas. Also, methanol can be
produced from different sources, including a large amount from steam reforming of

natural gas via syngas [106].

4.1.1, Reforming of methane

In view of the high rati;) H/C in methane (H/C = 4) and naiural gas, these
hydl‘ocm‘bons seem best suited for hydrogen production. It is well known that the most
coinmop process for I, generation for fuel cells is based upon the steam reforming
(endothermic reaction) of methane and natural gaé [1_07-109]. However, partial oxidation
is a commonly used process because of its mild exotﬁermicity. Antonucci et al. [110]
examined a 150 W tubular solid oxide fuel cell (SOFC) stack prototype, directly fuelled
by methane. The fuel was partially oxidized to synthesis gas (reaction 42) an alternative

route to the strongly endothermic steam reforming (reaction 43) [111].

CH, + ()0, & 2H, + CO AHpos =-35.7KJ (42)

CH4 + ZHZO ~ 4H2 + COZ AHQ,QS =2530kj (43)

Further, they suggested that development of a cost effective catalyst (without noble

metal) able to withstand low O,/CHy ratios in order to maintain electrochemical

efficiencies, as well as controlling the uniformity in temperature disiribution along the
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fuel cell units, likely represent most critical issues for the development of solid oxide fuel
cells. ‘

Cavallaro and Freni [111] studied the feasibility of overall pr@cess economy of én
integrated system of molten carbonate fuel Cell (MCFC) and autothermal reformer
(ATR). They presented a theoretical approach and evaluated the ATR-MCFC
performance in terms of pressure, inlet rates of oxygen and steam, current density and
cell configuration (indirect or direct) at T = 923 K. Also, different types of catalysts
(Ln;Ru,0, transition metals Me/AlLO4, Mey/ALOs, CoO/MgO, NiO/En, 05, (Cr,
LaNiMgO; L = lanthanide and Me, = Pt, Pd, Rh, Tr, 1% wiw) and microreactors
(Labcon, quartz, silica) were studied. Up to 94 % of methane . was converted. The
selectivity toward hydrogen on LnyRu,0O; and Me/Al,O5 catalysts was about 99 %.
However the selectivity to CO varied from 40 to' 97 and from O to 97 %, respecti\}ely,
depending on the type of catalyst. Using partial oxidation process on a commercial
Ni/ALO; catalyst (CRG-F), Recupero et al. [112] showed that 97 % of methane was
converted, oxygen conversion was close to 100 % and the selectivity toward both
hydrogen and CO reached 99 %, The influence of several operating parameters on the
mass and energy balances of a 10 kW power plant was also investigated using a
mathematical model [113]. The electrical efficiency obtained for thé examined system is
lower than that from a direct methane steam reforming monocell (DIR-MCFC), but the
exhaust gas composition seems to be usefully adoptable for the production c_)f 6rganic

compounds, such as methanol.
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The mechanism of the partial oxidation of methane to synthesis gas was studied over
a reduced NiO/SIO, catalyst using isotopic GC-MS technique wif;h CDy [114]. Tt was
suggested that CHy was activated via dissociation before its oxidation, but dissociation
was not rate determining, Besides the general expressions of the methane oxidation
mechanism (reactions 44 and 45), the authors gave the different steps of the reaction on
the catalyst surfaces.

CH,4 +2NiO — 2H, + 2Ni (44)
2ZNi + O;(g) — 2NiO (45)

The kinetics of internal steam reforming of methane were cxamined on Ni-ZrOxHY203)-
cermet electrodes under open circuit conditions at T = 1073-1173 K and partial pressures
of methane and steam up to 60 and 5 kPa, respectively [109]. A kinetic expressibn was
derived describing quantitatively the basic swrface reactions on ‘the Ni-YSZ-Cermet
surface. The reaction exhibits the Langmuir-Hinshelwood kinetic behavior and consists
in two-rate limiting steps, which are represented by the activated adsorption of CHy for
the production of active species (most probably in the form of active adsorbed carbon
Cue) and the surface reaction of adsorbed Carbon with adsorbed oxygen (originating
from water dissociative adsorption) for the production of CO. The Hy/CO, ratio is finally
influenced by the water-gas shift reaction (reaction 41). Also, due to the methane
pyrolysis, deposition of coke can occur in the second stage. This coke cannot be removed
in a fixed-bed reactor- and may cause catalyst deactivation. Marschall and Mleczko [115]
used an internally circulated fluidized-bed (ICFB) reactor to investigate the partial
oxidation of methane to syngas over Ni/otAl,Os catalyst (1 and 5 % Ni loading, 71-160

and 250-355 pm parficle diameter) at 1073 K with a CHy/H;, ratio of 2. Methane



10

11

12

13

14

15

16

17

18

19

20

21

22

23

52

conversion achieved was up to 97 % with a selectivity of 97 % toward hydrogen,
However, the conversion and selectivity werte strongly influenced by the temperature
distribution in the reactor. Deactivation of the catalyst due to carbon deposition occurred

and a significant drop in the catalyst activity was noticed during 150 hours of operation.

Investigation of novel solid oxide fuel cell (SOFC) type catalytic reactor utilizing a
partial oxidation of methane as intefnal reforming reaction was promising [116].: Large
electric power densities (731 mW/cm?®) and heat energy were obtainéd simultaneously by
applying LaGaO; based Perovskite solid electrolyte, which exhibits fast oxide ion
conduction especially when doped with Fe. Also, a parametric model combining both
empirical and mechanistic qualities was developed [117] in ¢1‘der to pre_d:ict the
performance of proton exchange membrane fuel cell (PEMFC) for a Ballard Mark V with
5 kW and 35 cell stack. The model, that can be applicable to a vaﬁety of transportation
situations, allows calculating the cell voltage oufput as a function of a complex
relationship between current, stack temperature and inlet partial pressure of hydrogen and
oxygen. More promising is the most recent study by Otsuka et al. tl 18], which showed
the possibility to produce hydrogen from methane without CO, emission by
decomposition of the hydrocarbon over iridium and iron oxide catalysts. Firstly, methane
is completely decomposed to carbon .zmd hydrogen (reaction 46) over a solid catalyst in
the presence of a metal oxide (MOy), which is reduced by hydrogen (reactions 47 and
48). The resulting water is condensed in a trap cooled at < 273 K and the hydrogen is |

stored as reduced solid metal oxide (MOy ().

CHy, < C+2H; . (46)
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HQ, + MOX = MOx_l + HzO ‘ (47)

xH, + MO, & M+ xiL,0 (48)

The carbon produced should be carried back to the gas field or used as graphite; fibers
and plastics. The reduced metal oxide (MO, or M) is transported, stored and used for the
systern Hy-O> fuel cells. Contact of water vapor with the reduced metal oxide recovers
the pure hydrogen without carbon oxides. For this study, Ni fumed silica (Ni/Cab-0O-Sil)
was chqsen as a cafalyst for decomposition of methane (reactidn tiﬁ) and In203,‘ Fe,0s
and Fe;Oy as metal oxide mediators for the storage and production of hydrogen (reactions
47 and 48). Indium and iron oxides seem promising mediators for the storage of H from
CH4 decomposition. The reduced states of these oxides are resistént under opex:bair at
room temperature, and economically, iroﬁ oxide may be a better Iﬁediator than indium
oxide. It was also suggested that hydrogen could bé geﬁerated from aqueous soluﬁon of
sodium-borohydride (NaBH4) for fuel cell power systems [119]5;' However, the Iatter

process may not be cconomical for large use.

4.1.2. Reforming of natural gas

As a potential source of hydrogen, natural gas offers many advantages. It is widely
available and can be converted to hydrogen quite easily [120]. Howevet, sulfur impuritics
may constitute a drawback and would have to be removed. When catalytic steam
reforming is used to generate hydrogen from natural gas, it is essential that‘ sulfir
compounds are removed upstream of the reformer by various desulphurization processes.

On the other hand, low temperature cells will not tolerate high concentrations of carbon



10

11

12

13

14

15

16

17

18

19

20

21

22

23

54

monoxide, whereas the molten carbonate fuel cell (MCFC) and solid oxide fuel cell
(SOFC) anodes contain nickel on which it is possible to electrochemically oxidize carbon
monoxide directly, and fhus, can internally reform fuel gas [4]. Dicks [120] reviewed the
i)rinciple methods of converting nafural gas into hydrogen by catalytic steam and
autothermal reforming, pyrolysis and partial 6xidation. In addition, he examined
purification techniques and the recent advances in the intcrnél refdrnﬁng and the direct
use of natural gas in fuel cells. A thermodynamic analysis of naturﬁl gas fuel processing
based on simultaneous partial oxidation and steam reforming was conducted to predict
the yield of Hp, CO and C (graphite) [121]. It was shown that wilth different combinations
of the air-fuel and water-fuel molar ratios, it is possible to obtain a4 maximum hydrogen
yield with minimam production of CO and C. The results obtained under the assumiption
of adiabaticity with a temperature of 1093-1144 K, show optimal hydrogen yield of 36.5
% with 2.2-4.4- % CO and 0.55-0.96 % residual methane, while the solid carbon was

suppressed.

Usually, synthesis gas is produced by steam rcforming of sweet natural gas (sulfur
free to avoid catalyst poisoning) and thus sulfur has to be separated from sour natural gas.
Abdel-Aal and Shalabi [122] carried out a study to validate the technical feasibi]ity of a
non-catalytic partial oxidation process of sour natural gas. They. presented the basic
reactions along with thermodynamic data and compared the ekisting processes of
handling sour natural gas. Stressing the thermodynamics and stoichiometry of the partial
oxidation reaction, this group {123} simmlated the direct production of synthesis gl’ls from

sour natural gas by a non-catalytic partial oxidation (NCPO). They suggested that the
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transformation of hydrogen sulfide into sulfur dioxide and hence sulfuric acid along with
production of synthesis gas via NCPO offers a novel scheme that cduld compete with the
conventional steam reforming. Moreover, there is climination of b(;th the expensive gas
desulfirization process and the steam generation. In this respect, NCPO is described as
self-sufficient steam-producer for the reaction. However, economic iéasibility remains to

be established.,

In addition to natural gas, biogas has a high potential as fuel for fuel cell power
plants. Nauman and Myrén [124] described the development of biogas processes for a
phosphoric acid fuel cell (PAFC) power plant to be located in rural India. The biomass
fuel cell power plant consists of four major blocks. In the primary conversion step animal
wastes and/or biomass are converted to a fuel gas by anaercbic digestion or thermal
gasification. Secondly, the fuel processor removes impurities and converts the fuel gas to
a hydrogen-rich gas. A PAFC generator is used for direct current (DC) production and a
final block as inverter to convert the DC to alternating current (AC). Fairly high vields of
hydrogen from biogas were obtained at relatively low temperatures (up to 800 °C) and
steam-to-carbon ratios. Also, the large carbon dioxide content of biogas enhances
hydrogen production and CO content can be kept at a tolerable level to the PAFC
generator with two shift reactors. Therefore, the system seems technically feasible and it
is comparable to a PARC plant using natural gas. Biomass is another source that may
have a future as co-feedstock with natural gas, or alone, for production of fuel for fuel
cell vehicles. Although the unit cost of biofuels produced from biomass alone is still too

high to compete with currently priced gasoline produced from petroleum, the higher
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value of transportation firels per unit of energy content will provide greater incentive for

considering this source of energy to be taken into account [125].

An alternative approacﬁ to the production of hydrogen from biomass is fast pyrolysis
to generate a liquid product known as bio-o0il that can catalytically be steam reformed.
This approach has the potential to be cost competitive with the current commercial
processes of hydrogen production [126]. The organic compounds derived from biomass
pyrolysis are mainly composed of oxygenates (aldehydes, alcohols.and acids derived
from carbohydrates and phenolics from lignin) [126]. The overall steam-reforming
reaction of bio-oil or any oxygenate compound (CH;O,) is given 'by the reaction (40).
Model compounds (methanol, acetic acid, syringol and mefa-cresol), both separately and
in mixture as well as the whole-oil and its aqueous fraction were studied [108]. It was
shown that bio-oil or its aqueoﬁs fraction could be efﬁcicntly reformed to generate
hydrogen by a thermodynamic process using commercial nickel based catalysts with a
hydrogen yield up to 85 % of the stoichiometric valuc. Provided that the catalyst
temperature is abbvé 923 K, acetic acid was almost completely canverted to hydrogcn
and carbon oxides. Reforming the complex oxygenates seems chemically possible, using
nickel based catalysts, but it may require high steam to carbon ratioé because oxygenates
rapidly dehydroxylate, which results in the formation of aromatics on the surface of the
catalyst [127]. This work on the reforming of oxygenates concords with our hypothesis
that the reaction products of cool flame treatedlfuels, which are predominately fqrrhed by
oxygenates, have poteatial for reforming. This view suggests that biofuels, which contain

a significant proportion of oxysenates, could be good candidates for reforimning.
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Despite the advances in basic fuel ceii tec_-hnology, the fueling options for fuel cell
vehicles are still uncertain and the nascent fuel cell vehicle industry faces fundzuﬁental
choices concerning the type of fueling infrastruéture [128]. Realistic cost effective
options for both onboard hydrogen storage and for ‘economically viable hydrogen
infrastructure development have beeﬁ described [128]. The authors concluded that
hydrogen produced by small-scale equipment would be cost effective with gaéoline per

mile driven with direct environmental benefits.

4.1.3. Reforming of methanol

Methanol is an alternative fuel and has been considered as a potential source of
syngas production, At Argonne National Laboratory, Kumar et al. [129] have compared a
partial oxidation reformer (POR} and a steam reformer (SR) for methanol. While the
reformate from POR has a concentration of H, about 50%, the steam reformer produced a
concentration of Hy up to 70-75%, leading to a small decrease (10 mV) in cell voltage.
But the POR has an advantage;-it is a compact, light-weight, rapid-start and dynamically
responsive device. The Argonne POR concept has also been used to reform simple
hydrocarbons, such as octane and pentane, as surrogates for more complex hydrocarbon
fuels. Preliminary tests with selected catalysts have yielded Hy concentration above 40 %.
Kinetic studies of methanol-steam reforming on a commercial low-temperature shift
catalyst (BASF K3-110) have been reported by Peppley et al. [130]. They presented a
comprehensive Langmuir-Hinshelwood kinetic model of methanol-steam reforming on
Cu/Zn/AlLO5 catalyst to simulate a methanol-steam reformer operating at pressures up to

4.5 MPa. The model developed predicis both the selectivity and the activity of the
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catalyst, The simulation showed a minimum temperature near the entrance of the catalyst
bed resulting from the endothermic nature of the reaction. The reformer performance will
decrease dramatically, if this minimum temperature is below the dew point of the

vaporized mixture.

Ahmed et al. [131] have developed a specific reacfor, using ceramic honeycomb disks |
coated with the copper zinc oxide catalyst, along with a mechanism for controlling the
oxygen/methanol molar ratio and regulating temperature to produce a commercially
viable system. The partial oxidation reformer is provided w_ith a systém for introducing
methanol and water in small droplefs (0.1 mm diameter) and intimately mixing the
droplets with air prior to partial oxidation. In more recent investigations, Ramaswamy‘ et
al. [132] and Sundaresan et al. [133] focusea' on the steam reformation process of
methanol. Their system consists in a steam reformer, a catalytic burner and the fuel
preparation unit (preheater-vap orizer-superheater) and the CO cleanup units. In this study
an integrated reformer-burner was used as a “bi-catalyst plate”. One side of each plate is -
coated ‘Wiﬂl the reformer catalyst and the other side with the burner catalyst, This
reformex%bumer- configuration uses conduction across the width of the thin plate to
rapidly transfer heat from the bumer to the reformer. The start up time can also be
reduced significantly. Avci et al. [134] studied quantitatively the conversion o hydrogen
of methane, propane and octane as surrogaﬁe for natural gas, LPG, gasoline and methanol
under conditions pertinent to fuel cell operation. They also examined the process by a
series of computer simulations. The results show that in terms of hydrogen produced per

weight of fuel and water carried, direct partial oxidation of propane or oxidation/steam
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reforming of octane are the best alternatives. To minimize coke formation on the Ni
catalyst, particularly for gasoline, a steam/carbon ratio of 2.5 was required. Still, the
presence of aromatics in gasoline may produce coke, aﬁd thus, the use of precious metal
catalyst, such as Rh is required to partially prevent coke formation. Methano! reacts at

room temperature but gives lower yields.

A large-scale prototype direct methanol fuel cell (DMFC) has recently been built, as
well as a series of engincering models developed for predicting stack voltage, the fluid
distribution from the stack manifolds, the overall system pressure, the chemical
equilibrium in both anode and cathode flow beds and the thermal management of the

stack [135]. The model predicted within 5% of the measured values.

Methanol fuel cells are also thé focus of research that is being carried out at
Brookhaven National Laboratory. Our interest consists in developing a low-cost
methanol synthesis process via catalytic conversion of meth&nc-dérived synthesis gﬁs
(primarily a mixture of CO, H; and CO,) from methane. Our approach is to develop a low
temperature (T < 423 K} cﬁtalyst to achieve a high conversion (> 90 %) per pass [136]. In
our overall low temperature methanol fuel cell scheme, a catalyst hc;lS been developed to

produce CO-free H, as a fuel-cell feed to enhance the fuel cell catalyst life {137, 138].

4. 2. Reforming of gasoline, diesel, and biodiesel
Several types of fuels have been considered for fuel cell systems (Fig. 10). Although

methane is the most abundant of alkanes, it is the least reactive and ifs sclective
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conversion to more useful gompounds remains challenging [114]. Among the aBundant
literature on methanol conversion [129,132,133,-135], some of the recent relevant
investigations were highlighted above. But since methanol itself has to Ee produced from
Other sources, other conventional fuels more easily obtainable and also abundant,
inc]uding gasoline, which has more than twice the energy content of methanol, diesel and
hydrocarbons are being considered. Provided there is progress in new reactor designs and
new class of catalysts, these fuels may be competitive [139]. Docter a1:1d Lamm {140]
conducted thermodynamic equilibrium calculations to estimate the potential energy
efficiency of different hydrocarbon fuel reformer concepts. The efficiency of the
reformer, T was defined as:
et = (o + RH)LHVi/e LHV s )

where n is the number of moles of CO, H, and the fuel and LHY the iower heating values
(LHVy; = 242 kJ/mol and LHV g = 4050 kJ). According to the simiilation results for the
gasoline studied, as répresented by C;H,; and the German “normalbenzin”, autothermal-
reforming can yield higher energy efficiencies than partial oxidation; Ther reformer
efficiency showed a maximum around a steam/catbon ratio of 0.7 and was coupled to the
equivalence ratio. A maximum efficiency of 83 % was calculated at a minimum A of 0.28
and a reactor temperature of 1103 K. Tt was also stated that from a thermodynami-c point
of view, the formation of solid cafbon—soot or -coke depends on the ratio of carbon to
hydrogen in the fuel, as well as on the air to fuel ratio, the steam to carb(‘)n ratio and the

reactor temperature.
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Brown [106] surveyed seven common fuels for their utility as hydrogen soml'ces for
PEM fuel cells used in automotive propulsion, Hydrogen, methanol:, ethanol, natural gas,
gasoline, diesel fuel, and aviation jet fuel were considered. Except‘-for methanol, and of
course pure hydrogen, the processes generating hydrogen require: a) temi)eratures higher
than 1000 K, b) appropriate water-gas shift reactots to remove CO and ¢) no sulfur (;r
low-sulfur in the fuels. The gases produced bj.y steam reforming contain up to 70 %
hydrogen, whereas those obtained by partial oxidation have lower ﬁydrogen content (35~
45 %). According to the author, since hydrogen has severe distribution and -storage
problems, the steam reforming of methanol is the leading candidate process for on-board
generation of hydrogen. However, if methanol is unavailable or the price makes it
unaffordzible, reforming processes for gasoline and diesel fuel have potential and remain
a challenging task. For instance, tests on the effect of fuel constituents including
impurities on the durability of catalysts and carbon formation during the fuel processing
were conducted at Los Alamos National Laboratory [141]. The report shows the negative
effect of sulfur on the catalyst (Ni/AL;O3) as hydrogen production decreases by 3 times
after 5 houfs. The tendency for carbon formation as a function of the fuel studied showed
the following general t_rend‘. xylene > methyleyclohexane > penfane > iso-octane,
although this still remains to be quantified. This work should be extended to real fuels,

including gasoline and diesels.

Kopasz et al. [142] tested a fuel-flexible catalyst, which appears to be effective in
partial oxidation of conventional (gasoline and diesel) and alternative (ethanol, methanol,

natural gas) fuels to hydrogen-rich product gases with high hydrogen selectivity..
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Alcohols were reformed at lower temperature (up to 873 K), while alkanes and
unsaturated hydrocarbons require slightly higher temperatures. Cyclic hydrocarbons and
aromatics have also been reformed at relatively low temperature; Complex fuels like
gasoline and diesel require reforming tcmperatures up o .973 K, This group (ried to
answer the question: which hydrocarbon fuel is optimal for fuel cell systems? While
methanol and ethanol have the advantages of being easy to l'eforfn, water soluble and
renewable, gasoline and diesel have the advantage over the alcohols because of the
existing refueling infrastructures and higher energy density, However, they are blends of
different kinds of hydrocarbons and are believed to be more difficult to reform. Catalytic
partial oxidation reforming in micro-reactors shdwed high conversion and hydrogen
yields from methane, mefhanol,_ethanol, cyclohexane, iso-octane, hexadecane, gasoline '
and diesel (Table 8). Alcohols as well as cyclic hydrocarbons a_nd’aromatics have been
reformed at relatively low temperatures, while alkanes and unsaturated hydrocarbons
require slightly higher temperatures. Complex fuels like gasoline and diesel require
temperatures higher than 973 K for maximum hydrogen production. Results from a bench
scale (3~kWe) feactqr i143] showed that the reforming of gasoline and natural gas

generated 38 and 42 % hydrogen on a dry basis at the reformer exit, respectively.

Aware of the impottance and availability of gasoline and diesel fuels as potential
source of energy, the Argonne National Laboratory research group [144-146] have paid
significant attention to the catalytic reforming of these fuels. Further, they developed a
process incorporating partial oxidation/steam reforming catalyst that converts gasoline

and diesel fuels. Tests of 3 types of diesel fuel (hexadecang, which is a saturated alkane
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and used as a diesel surrogate, low-sulfur diesel fuel, Diesel # 1 and a regular dieéel fuel,
diesel # 2) showed a complete conversion of the feed to the products. Hlexadecane
yielded 60 % on a dry’nitrogen-free basis at 1123 K. In turn, higher temperatures were
required to approach the level of hydrogen produced for the two other fuels. On the other
hand, some unexpected results are of interest. At 1073 K, hydroé‘en yield of the low
sutfur diesel was 32 %, while that of the regular diesel grade 2 was 52 % with residual
products in both cases including CO, CO,, ethane, ethylene and methane. Diesel # 2 has
higher level of sulfur and a higher fraction (40 %) of aromatics (ﬁ times) than that of
diesel # 1 (20 %), which tends to feduce the H/C ratio of the feed and thereby, the
hydrogen level in the products, but this was not the case. It is 311ggested that aromatics
might have been more easily reformed than cyclic aliphatic [145]. Therefore, more in-
depth studies should be carried out to elucidate this result. The diesel reformate was
further processed to remove sﬁlfur and CO using a train of réactors congisting of a sulfur
scrubber and two water gas shift beds that reduced CO content from 20 to 2 %. To better
gvaluate the effect of sulfur on catalyst activity, coke formation and the thermal stabi]ity
of the catalyst, longer-term tests with diesel fuel are intended to ﬁe conducted Dy this

group [145].

Anmumakonda et al. [147] described a method of processing sulfur-containing heavy
hydrocatbon fuels in a substantial absence of steam through catﬂﬁip partial oxidation. It
consists of two steps; i) vaporizing the fuel and mixing with air at afatio A=11to2 and
i) feeding this mixture through a reactor containing a noble metal catalyst (typically

Ri/alumina) at contact times of no more than 0.5 s and lower howrly space velocity
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(LHSV) of not less than 0.5-1.0 h''. Despite the presence of the catalyst, the reaction
occurred at no less than 1323 K, but the conversion to hydrogen and CO seems complete
and the sulfur compounds present were predominantly converted ihto H,S. By using n-
octane as surrogate to gasoline with the combination of supported czitalysts (Ni and Pd up
to 10 %) on alumina, Yanhui and Diyong [148] obtained good hydrogen selectivity for
catalytic partial oxidation and steam reforming at lower temperatures than those of |
Pereira et al. [145]. In addition, a significant amount of hydrogen (up to 65 % at 973 K)

was obtained in the gas reformate.

Targeting the real industrial market for fuel cell technology in the near future,
Amphlett et al. [149] developed a simulation of a diesel refofmer system to identify
potential design issues and obtain preliminary estimate of the system efficiency. A 250
kW fuel cell system that used reformed diesel as the hydrogcn source has been modeled
in HYSYS, a commercial process simulation package. For the simulation, a mixture of
normal paraftfins (Cy-Cyy), alkylated benzené (Cs-Cp-benzene) anci a]kylated naphthalene
(Cq-Cy-naphatalene) that have similar heats of formation, Gibbs energy and distillation
curves were used. The authors suggeéted that to do an in-depth optﬂnizaﬁon, it would be
necessary to include kinetic information for the reformer performance. Unfortunately to
date, no information is available concerning the kinetics of hydrogen production from

diesel or its alkane surrogates,

In addition to their significant contribution in investigating the optimum conditions

for the partial oxidation of fuel oils at low temperatures under cool flame conditions
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[7,53,62,150], the group of RTWH in Aachen (Germany) has focused on the
implementation of the cool flame regime prior to the reforming of fuel oils to hydrogen—
rich gas [150]. If this is realized, diesel fuels can be processed at low cost aﬁd with
minimum formation of soot and low emission of NOy, SOy and CO, and thus, will be
very good candidates as feedstock for fuel cell technology. The authors [150] stuclied the
reforming of industrial gas oil (IGO) under atmospheric pressure. Their aim was fo
complete a compact 5 kW demonstration unit for use with a high temperature foel cell.
After preparation of the fuel in the cool flame regime where the mixture of the vaporized
fuel and the preheated air were brought to 753 K, the partial oxidation is initiated in a
sc*;cond chamber by a spark ignition of the vapor mixiure from the first chamber. Afier 3
to 4 min, the gas temperature reached 1523 K and the fiame was stabilized in a ceramic
porous solid-state matrix. The Hz—ricﬁ gas was directed to a high teniperature fuel cell. Tn
this process, hydrogen and CO produced were each about 20 % at an equivalence ratio A
of 0.39, indicating a low conversion of the fuel and an unacceptable high amount of CO
in the reformate. In a project that is being planned, we propose to combine the cool flame
preparation step with the catalytic auothermal reforming of the reaction products that are

rich in oxygenates and expect to produce a high yield of hydrogen.

Moon et al, [151] aimed to develop and integrate a gasoline refdrming system with a
PEM fuel cell using POR or ATR. In addition to naphta and gasoline, iso-octane was
tested as a reference fuel in the absence and thg: presence of 100-p-pm sulfur to test the
catalyst’s resistance. Also, high temperature water-gas shift over Fe304-Cry05 and low

temperature shift reaction over Cu/Zn0O/ALO; catalysts were investigated to remove CO
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from the hydrogen-rich stream produc;ad by the fuel-processing section. For iso-octane, a
maxinmum concentration of hydrogen (67.3 %) was observed at an O/C ratio of .5, which
decreased to 49.5 % at an O/C ratio of 2.0. The CO;, concentration increased from 14.7 to
41.9 %, over the same range of O/C ratio. Howéver, the concentration of the methane
formed remained virtualiy unaffected by the OfC ratio, The overall trend revealed- that an
O/C ratio of 1.0 is ideal for the reaction at the H,O/C ratio of 3. At these settings,
hydrogen concentration remained around 60 % and was little affected by the reaction
temperature in the range of 773-1023 K. The maximum -production of H, was obtained at
a space velocity ranging from 4,000 to 17,000 . Reformulated naphta containing 4.5
ppm sulfur was tested using a commercial naphta reforming catalyst (NRC).‘The product
composition at T =723 K and a space velocity of 4227 h' was 49.8 % Hy, 1.77 % CO, 20
% CO, and 28.45 % air. After the high temperature shift, there was a slight im_:rease in
the Hj concentration, which remained constant during the low temperature shift, whereas
the concentration of CO abrupily decreased to 0.3 %. The authors silggested that in lorder
to reduce CO concentration in hydrogen-rich streams and obtain a compact size fuel
processof, a preferential partial oxidation (high shift temperature) reactor and a new high

performance catalyst with sulfur- and coke-resistance would be needed.

In their review paper, Ogden et al. {15_2] c-ompared hydrogen, rﬁethanol and gasoline
as fuels for fuel cellv vehicles. They presented modeling results comparing three leﬁding
options for fuel storage onboard fuel cell vehicles: a) compressed gas hydrogen storage,
b) onboard steam reforming of methanol and ¢) onboard partial oxidation of hydrocarbon

fuels derived from crude oil, e.g., gasoline, diesel and middle distillates. The idea of '
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generating hydrogen from conventional fuels is making its way and the progress of the
last years in the reforming processes [143] renders it possible to env;'sage onboardl
reforming for fuel cell vehicles. Recently, Ahmed and krumpélt [6] assessed the
theoretical cohditions of the three principle pathways (steam reforming, partial oxidation,
and autothermal reforming), The reforming efficiency varied from 88.2 % for benzene to
96.3 % for methanol and was correlated to the fuel properties and its heat of formation.
Based on their theoretical calculation for some reference fuels including oxygenates, and
contrary to the widely held beliefs, the authors stated that 'p_artial oxidation and
auntothermal reforming processes are capable of higher reforming efficiencies than are

steam reformers. More studies are needed to confirm these results.

Besides improved dehydrodesulfurization of fuels [153,154], attention has be:;n paid
to reduce coking on the catalytic surfaces [155,156]. Theses efforts will help in
facilitating the use of middle distillate hydrocarbons, including gasoﬁne. and diesels for
reforming—. Recently, Suzuki et al. [157] used a highly dispersed Rh on alumina
(RWALO;) as a catalyst to explore the steam reformmg of Xerosene. After
dehydrosulfurization of the fuel on a commercial catalyst (Cosmos-HDS catalyst, CDS-
3), steam reforming was performed in a fixed bed flow reactor, where the mixture of the
vaporized fuel and steam (ratio S/F = 3.5) passes through the fixed bed catalyst (Ru/
AlLO3) at 1073 K and a rate of 10 ml k. The product distribution was determined by GC
analysis. The conversion of kerosene varied from 72 % on Ni/SiO; commercial catalyst -
'to 99.5 % on Ru/AL,O; and the selectivity toward hydrogen varied from 60 % on Ni

catalyst to 70 % on Ril[A1203. The concentration of CO and CHy in the reformate was
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s]ightly lower for Ru/Al,O3. When ’ceria (CeO,) doped the catalyst system, the sultir
resistance improved dramatically and the hydrogen production frém hydrodesulturized
kerosene lasted for more than 8000 hours, Therefore, this study [157] illustrates the
possibility of hydrogen production using safe and easily transportable light middle

distillate oil, such as kerosene.

5. Impact of NOx emission and soot formation on the oxidation and reforniing of
fuels and the evolution of burner technology
During the oxidation and reformiﬁg processes, several parametérs including the type
of burner, equivalence ratio and the quality of fuel have an influence on the pollutant
emissions, namely, the undesirable NOy (NO + NO,), as well as, soot formation, which is
a source of 'cafcinogenic polyaroniatic hydrocarbons (PAH). In this review, we will not
be concerned with sulfur oxides because sulfur can be removed by dehydrosulfurization

[153-154] and scrubbing [158-159].

5.1, Impact of NOy emissions on burner technology

Qutside the engine or burner exhaust, nitric oxide (NO) formed will oxidize to
nitrogen dioxide and react with unburned hydrocarbons in the presence of UV radiations
to form a photochemical smog [2]. Experimental results show that NOy formation is
influenced by the equivalence ratio, fuel feed rate, the distribution of dispersion in diluted
air, but the fuel droplet diameter had the most significant effect on the change in NOy

released [160]. In premixed or diffusion hydrocarbon flames, the main mechanisms of
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NO formation are the Zeldovich “thermal NO” [1,2] and the Fenimore “prompt NO”

[161] as described by Delabroy et al. [162].

NOy can be reduced to N, and H,O by selective catalytic reduction (S-CR) with
ammonia, which is 5n after-treatment technique used in stationary diesel applications
[163-165] and scrubbing [158-159]. Research is still ongoing to overcome the drawbacks
of the SCR technique, such as the narrow window of catalyst operdtion and the stability
of catalysts [163]. Muzio and Quartucy [166] illustrated burner and boiler concepts
resulting in a new generation of low NOy porous surface radiant burmers and the use of
intelligent software systelﬁs allowing the operator to reduce NO, emissions, while
maintaining unit-operating parameters in the desired range. Furthe1ﬁ10re, they suggested
that the fuel NO,; would need to be controlled differently from thermal NO,, since the
nitrogen containing org@ic compounds can react at significantly lower temperatures.
Low NOX emissions were also achieved by a non-premixed, direct fuel—injection burner,
equipped with a unique double swirler for gas turbine combustors [35]. The burner has
circular and annular air channels to which swirlers are fitted. The inner channel
converges into a throat, and gaseous (natural gas) fuel is injected into the airflow by a
mutltihole fuel nozzle, For the double-swirler burner, the conventioi_lal small-hub swirler
and the large-hmb swirler burners, the NOy emission indices were 0.5, 1.1 and 2.2 g/kg
fuel, respectively, indicating the lowest NOy emission levei of the dbuble sWi1‘ler burner.
The mixing df fuel and air is more rapid in the double-swirler burner, which results in a
uniform equivalence rafio profile in the combustion region. This was suggested as the

reason for the low NO, emissions.
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Novel catalytic radiant burners have been suggegted to provide an alternative low .
emission approach for future applications. Emonts [33] has developed a catalytic burner
that can be used for natural gas with hydrogen admixture in a heat recovery boiler for
heat production and for methanol with hydrogen admixture in a reformer producing
procesls heat to be used in a fuel cell system. Experimental data show a NOy emission of
less than 0.4 mg/kWh and CO emissions from 0 and 13 mg/kWh. In a more recent study
using methane as fuel [167], the burner of a boiler was replaced by a metal honeycomb
partially coated with a catalyst and operating as a radiant burner. It was shown that the
NO, and CO emissions with the catalytically stabilized burner were 5.0 and 0.0 ppm,

respectively. A catalytic burner with noble metal catalysts Pd/NiO, supported on alumina

wash-coated honeycomb has been used to burn natural gas for industrial purposes [168].

Although, the stable catalytic combustion region depended on the catalyst thickness, the
authors [168] suggested that catalytic combustion has some special features, as the

combustion efficiency was over 99.5 % without blow off or flashback.

More recently, the Canadian Gas Research Institute (CGRI} has developed a muiti—
jet, nominally non-premixed gas fired burner, intended to give low-NOyx performance at
high air preheat [36]. Fuel (natural gas) and air undergq separately extensive mixing with
‘1'ecirculating furnace gases (products of combustion) and arrive ét the reaction zone -
diluted by furnace gases, t‘hus, lowering the temperature of the reaction and reducing NOy .
emissions. The burner has NOy emission levels from 2 to 40 ppm at 3 % O, and visually
flameless oxidation process. The author stated that the mathematicai model of the bumer

using commercial Computing Fluid Dynamics (CFD) software was capable of adequately
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predicting jet trajectories and primary flow structures in the ﬁirnace. However, the
predicted temperature and species (O, CHy) concentrations depart from measured values,
thus raising a question of how to effectively model three-feed processes under severe

non-adiabatic conditions,

A lean premixed-prevaporization combustor (PPL~1) for a 100 kW automotive
ceramic gas turbine has been developed to meet the Japanese emission standards fof
passenger cars without using after treatment [169]. To study the evaporation
characteristics, which are indispensable for improvement of a fuel atomizer, the authors
built a fuel-air preparation tube that consists of prevaporization—pfemixing tube (PP-tube)
and swirl chamber. The evaporation of fuel spray in the tube with a small diameter of 34
mm is controlled by the droplet diameter and the distribution of fuel spray near the wall.
Under the operating conditions, the non-evaporated mass fraction of fuel spray is largely
influenced b-y the drop size distribution and dispersion of the fuei spray. Sauter mean
diameter (SMD) of the fuel droplets and the non-evaporated mass fraction (NMF) passing
through the tube, decrease as the switl number increases. The SMD of the fuel droplets
and the non-evaporated mass fraction (NMF) have an influence on the NO, emission
indices. NO, and CO emission indiées, for the same combusﬁon inefficiency for
kerosene, are lower than those for gas oil, because the SMD and NMF for kerosene spray
arc lower than those for gas oil spray. It should be pointed out that NO, reduction
techniques involve a trade-off between NO; reduction and an increase in formatfion of 7
other pollutants, e.g., CO, unburned hydrocarbons and soot. A drop in temperature, which

is the basis of many NOy reduction solutions, decreases the oxidation of CQO and volatile
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hydrocarbons [162]. These authors’s tests showed that the predominant generation of
NOy in a single burner was due to the Fenimore prompt mechanism, Further, they
emphazise that a large reduction of NO,, including prompt and fuel NO, while
maintaining zero levels of CO and soot was not observed in their novel 800 kW burner, it
is plausible that reburning is responsible for lowering NOy in this novel burter, whose
concept consists in recirculating flue gas with concomitant reduction in flame

temperature.

Among hazardous compounds originating from diesel engines, soot and NOy have
attracted most attention. In addition to the selective catalytic reduction (SCR) of NOy into
N, and Hj in the presence of ammonia, the use of synthetic aluminosilicates (zeolites), |
generally ZSM-5, as catalysts for selective reduction of NO, in stationary diesel exhaust
gas seems promising, It was shown that in the presence of Ce-ZSM-5 catalysts, NOy
conversion could reach 70 % at 773 K in simulated diesel exhaust gas. Deactivation of
the catalyst in real diesel exhaust gas occurs mainly in the fitst 60h of operatioﬁ [165].
Thereafter, the catalyst stabilizes and provides up to 40 % NO, conversion at 723 K. The
authors [165] suggested that preparation of Ce-ZSM-5 via solid-state ion exchange
results in a remarkably active catalyst, It is noteworthy that blending petroleum diesel
with biodiesel can possibly reduce particulate matter emission from engines with a Slight

reduction in NO, emissions [170].

5.2. Impact of soot formation on burner technology
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Beside the gaseous pollutants, whose level of emission is subject to legislation
[163,166], engine and burner technology is concerned with the foﬁnation of particulate
matterrand soot, which are also considered as major pollutants of the atmosphere. The
formation of soot during the oxidation and combustion of hydrocarbons is thought to take
place via a number of elemental steps: pyrolysis, nucleation, surface growth and
coagulation, aggregation and oxidation [163,171]. Some of the polyaromatic
hydrocarbons (PAHs) formed during surface growth and remaining adsorb_ed on the soot”

surface are carcinogenic [163,172] and have harmful effects on health of the biota.

In an attempt to understand soot formation mechanisms, the effect of temperature and
to predict soot yields in practical combustion systems, experiments were conducted by
Sato et al. [173] in a toluene/air turbulent premixed flame in a jet .stirred combustor. A
global soot model was utilized to analyzé rates of particle nucleation, coagulation and
specific surface growth. Soot mass concentration measurements showed strong
dependence of soot production on stoic]ﬁometry, residence time and flame temperature.
Soot particle nucléation, growth and structure were also modeled [171] with a computer
code describing the general steps of PAH growth via tﬁe H-abstractibnfacetylene~addition
reaction sequence and the coagulﬁtion of aromatic species containing numerous fused
rings up to coronene (polycyclic benzenoid compound with 6 fused benzene rings). The
computational results also showed that the surface growth rate is proportional to the
acetylene (C,H,) concentration and independent of hydrogen at high H concentrations,

but it declines at lower H atom concentrations [174].
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Using a modified version of the KIVA-2 code, three-dimensional cormputations of
combustion and soot formation were performed during the burning of two refercnce fuels
(n-heptane and tetradecane) [175]. Assuming acetylene as the crucial pyrolytic species,
the model takes into account the fuel-to-acetylene pyrolysis, acetylene oxidatid.n, soot
nucleation, surface growth and soot oxidation. Advances in modeling soot formation and
burnout in combustion systems have been surveyed by Kennedy [176]. The models were
grouped into three categoties: i) purely empirical correlations, if} semi-empirical
apprc-naches that solve rate equations for soot formation with some input from

experimental data and iii) detailed models that seek to solve the rate equations for

elementary reactions leading to soot. Ambrogio et al. [177) achieved satisfying abatement

(> 80%) of diesel soot by coupling ceramic-foam filters with carbon combustion

catalysts. A conical fluidized bed of glass was used to disperse the soot produced by an
acetylene burner, into the gas flow to assess the pressure drop and the filtration efficiency
of the foam traps as a function of the soot particle size, load on the filter and the specific
velocity. The best performance was reached by using the catalyst Cs;V20;. The
mathematical model of the reactor was validated using experimental data obtainéd with
catalytic and non-catalytic traps. In implementing a new soot model applied to an
aeroengine combustor, Balthasar et al. [178] showed that good agreement between
experimental and simulation was achieved for laboratory flames, whereas soot is
overpredicted for the aeroengine combustor configuration by one or two orders of
magnitude. The authors suggested that the agreement between model and experiment
would become better, if the surface reactions are calculated to be dependent on the soot

surface instead of the soot volume.
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Oxidation (gasification) of soot is of great significance for pollution control in
industrial flames, anto engines and burners and can be achieved using different oxidants,
including oxgyen (Og), carbon dioxide (CO,), water vapor (H0) ‘or nitrogen dioxide
(NOy) [179]. The authors described the use of catalytic 1‘egenemtivé traps at high
temperature (> 1073 K) where the combustion takes place inherently in the flames after
formation of the soot at low temperature (573-973 K). The four—rezicfant gases O, COy,
H;0 and NO, all oxidize and gasify soot. NO, appears to be the 'most reactive at low
temperature in the presence of cerium and noble metals, which were revealed to be
effective catalysts. Some attention has been paid to fuel additives acting as soot oxidation
catalysts, including organometallic compounds, which can be dissolved in diesel fuel

[163].

6. Conclusions and prospects for future research
We have reviewed the most recent investigations on the preparation, auto-oxidation
and reforming of fuel oils. Bridging the gaps between these three entangled processes
would lead to advances required to achieve higher energy production and efficient
converéion of fuels coupled with better control of pollution. This will boost human

welfare and preserve the environment and the ecosystem health,

In the last two decades, the abundant work on the oxidation of fuels was confined
primarily to singic component reference fuels, especially, n-heptane and iso-octane as

surrogate for the real fuels, such as diesel and gasoline, which are composed of a
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multitude of complex hydrocarbon components including alkanes, naphthenes and

* aromatics. The investigations reported in this study show that the different steps of fuel

preparation, including atomization and vaporization, influence the partial oxidation,
which is a paramount step in the burner systems, engine combustion and reforminé
processes. The preparation of fuels is linked to the development of burner technology and
the targeting to achieve higher efficiency of fuel conversion coupled with lower emission

of pollutants.

The atomization and vaporization procedures have an important role in conditioning
the oxidation .of fuels especially at low temperatures around the cool flame and the
negative temperature coefficient regions, two phenomena still not well understood. The
reaction products resulting from the partial oxidation at low temperatures whete the cool
flame regime pérsists are suggested to play an important _/role in @e reforming of fuels
into hydrogen-rich gas. The recent investigations on cool flames :ar,e’ promising to pave
the way for several beneficial industrial applications including genération of hydrogen for
fuel cell systems. Furthermore, the cool flame can be integrated as a preliminary stage to
burner combustion. But to date, sufficient data are not available to develop this premise.
Thus, further studies are needed to shed more light on the type -of reaction products
formed during the partial oxidation of fuels at cool flame condition$ and the conversion
of these reaction products into hydrogen-rich gas upon reforming process. Therefore, a
thorough examination of the role of cool flame in the oxidation and reforming of fuels
merit ample consideration. Processing of these complex fuels via cool flames leads to

reaction products composed of short molecules, such as lower molecular weight alkenes
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and oxygenate compounds, including aldehydes, ketones and alcdhols. Like methanol
and acetic acid, oxygenates are partially oxidized, and thus could be m01-'c easily
reformed to hydrogen-rich gas than the parent fuel oils. Also, it is Woﬂh mentioning that
biofuels, which contain a significant proportion of oxygenates, could be good candidates

for reforming,.

A better understanding of the fuel oxidation chémistry is linked to the progress made
in kinetic modeling, which has proven to be a powerful tool in the analysis of many
oxidation and. combustion systems. In the modeling of oxidation mechanisms, the .
application of automatic generation techniques seems attractive where the extension of a
core-kinetic mechanism to higher hydrocarbons is involved, Apparently, the proposed
low and high tempcrature mechanisms for the oxidation process could be organized into a
comprehensive kinetic scheme able to siﬁmlate the oxidation of natural gas, gasoline,
diesel and biofuels. Nevertheless, despite the development in the cdmpuﬁng techniques,
more experimental, and theoretical studies on the kinetics of oxidation of real fuels are
needed. Even, the kinetic modeling of the oxidation of a hydrocarbon mixture containing
alkane, naphthene and aromatic compounds with properties similar to real fuels, are still
scanty. Although there is a significant progress in modeling the kinetic mechanisms
related to the reaction products formed, ignition- delay time and engine knocking
tcndenciés, the literature still remains limited primarily to the reference fuels cited (n-
heptane, iso-octane and to a lesser extent cetane). Investigations should be extended to
the complex real fuels, namely, gasoline; diesel, Jet-fuels and biodiesel, which in addition

to methanol, ethanol and natural gas, are considered as potential source for reforming
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processes (catalytic oxidation) leading to the generation of hydrogen for fuel cell

systems.

An in-depth understanding of the preparation and auto—oxidation of fuel oils,
especially, using the promising cool flame procedure described in this review, will help
to develop more efficient fuel reforming processes with acceptablé yields of hydrogen.
The proven techniques used in the fuel reforming processes a.:re the partial oxidation,
steam reforming and autothermal reforming (combination of both), Partial oxidation and
autothermal reforming, apparently, give higher reforming efficiency in p;ractical
applications, and thus, are more attractive. Although methanol seems a leading candidate,
the presence of infrastructure for gasoline and diesel fuels, which have high energy
density and can be carried safely, represents an advantage for these two petroleum
distillates to be converted into hydrogen-rich gas via onboard fuel processors. To date,
little is known on the auto-oxidation and reforming of biofuels or a- blend of diesels and

biofuels, and thus, their investigation is recommended.

Intensive research is needed to improve catalytic processes and uncover new
generation of catalysts 'with higher activity, more resistance to sulfur and CO poisoning
and higher ability to reform gasoline and diesel fuels at Jower temperatutes. In this light,
development of nanocatalysts (ultra fine particles of metals, metal oxides and
composites), which are supposed to have higher surface area than conventional catalysts,
and thereby higher activity, will lead to cost effective reforming processes. This

technology is still at the laboratory level, but it seems promising in the futuze.
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Whether for the preparation, oxidation, combustion, reforming or burning processes,
the techniques developed have the same concerns about environmental pollution.
Therefore, measures are undertaken to identify and reduce pollutants, such as sulfur,
nitrogen oxides, II:}.OIlO- and dioxides of carbon, as well as soot emanating from these
processes. this effort will help to meet the regulations, and thereby, preserve the
ecosystem health. While sulfur can be removed from the fuel by hydrodesulfrization,
NO, emissions can be reduced by selective catalytic reduction with ammonia. However,
the latter technique is controversial, and likely, advanced low NO; burners either for
gaseous or liquid fuels are require&. The effects of the fuel nitrogen on NO, emission are
still not well known. Apparently, the approach of spiking domestic fﬁel with nitrogen-
containing molecules, such as pyridine, may net be conclusive, and thus, studies;should
be carried out directly on crude oils and petroleum distillates. Bumﬁlg of fuels also leads
to the undesirable soot formation, which can be inhibited by using catalytic burners,
catalytic traps and adequate reactors with inert surfaces. Based on the data of soot
formation under different experimental conditions, the validation of the proposed
mathematical models will help in better understanding the mechanisms of soot formation,
and thus, figuring out new remediation processes. Advancement of the techniques in
burner and reactor designs is a dual challenge in decreasing poliutant emissions, and

increasing the conversion of fuels in the oxidation reactions.

Since the mechanism of Zeldovich NO is limited to high temperature oxidations, it is

of interest to examine the significance of Fenimore NO mechanism at low temperature
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under cool flame conditions. Occurring at low temperatures, the process of the cool flame
may play a major role in the inhibition of NOy formation. On the other hand, little is

known on soot formation during the cool flame regime. Apparently, at such low

~ temperature, there is little chance for pyrolysis. The reaction products are dominated by

oxygenates, and further, the presence of acetylene, which is a soot precursor, was not
shown. It is Iikely that, soot formation will be very limited under cool flame conditions.
Studies on soot formation during the oxidation of fuels at cool flame deserve special

attention.
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A pre-exponential collision factor (M sh
By mass transfer number (-)

B, thermal transfer number (-)7

G concentration of the specie i (mol m™)
c specific heat (J K kg™)

¢pe heatcapacity of the gas phase J K™)
d droplet diameter (m) -

dm/dt mass transfer rate (kg st

E,  activation energy (J mol™)

heg  enthalpy of formation of the gas phase ()
h.  convection coefficient JK

Aheom specific enthalpy of combustion (J)

k reaction constant rate (-)

L length of the flow reactor {m)

Ly latent heat of vaporization (J}

LHV lower heating values (I)

1 number of moles

P _lpressure (Pa)

T droplet radius (m)

R universal gas constant (J mol! K1)

Sij sensitivity coefficient (-)

t time (8)
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T‘ ref

Pt

T

droplet temperatufe {(K)
temperature of the droplet surface (K)

temperatare of the stream around the droplet (K)

temperature of the gas phase far away from the droplet (K)

average mixture velocity (flow rate) (ms™)

first derivative of d® relative to time (m?s™)

first derivative of mass relative to time = mass transfer rate (kg s

air to fuel ratio (Oy/Fuel)/(Os/Fuel)goin (-)
thermal conductivity of the gas phase (W m™ K1)
Fuel to air ratio = 1/A (=)

specific mass ratio of the oxidizer to the fuel (-)
efficiency of the reformer (-)

density of the liquid (kg m™)

residence time (s)

ignition delay time (s)
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Legend to Figures

Fig. 1.

“Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Proposed major steps involved in fuel preparation for combustion and fuel (-:ellr

systems
Illustration of a high flow air-atomizer (HFAB) burner head [29]

Reaction scheme of n-heptane oxidation mechanism, showing the main possible

reaction products [45]

Effect of temperature on the reaction selectivity during the oxidation of n-

heptane [14]
Conversion of n-heptane as a function of temperature. Oxidation of 0.1 % of
fuel at 1 MPa and a residence time of 1s, experimental: Plain line and predicted:

Dashed [68]

Relationship between initial and final gas temperatures during atomization of

fuel in a hot air flow (A =1, p = 1 bar) [7]
Cool flame temperature rise as a function of the fuel type {7]

Conversion of hydrocarbons as a function of temperature and residence time,

estimated from equation 27. The kinetic parameters are given in Table 1
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Fig. 9. Distillation curve of D-2 Diesel control fuel, Lot K-848 [177] and a pure single

component fuel (n-heptane)

Fig. 10. Schematic representation of the oxidation and reforming paths of different
classes of conventional and alternative fuels for fuel cell systems, adapted from

Thomas et al. [5]
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Table 1. Major intermediate products of 3-ethylpentane (C;Hig) formed during cool
flame oxidation (523-683 K) at p = 22 kPa. 3-ethylpentane consumed = 2.5 x 10

moles [50]

Product Yield* Conversion®
Yo %o
Ethylene (major), ethane 17.5 28.0
Methanol (major), n-butanal + 2methyl-2-propene-1-al 10.3 16.6
Pent-2-ene (cis and trans) 74 12.0
Acetaldehyde 7.0 11.2
2-Methyl-3-ethyltetrabydrofuran 4.8 7.7
Pentane-3-one 32 5.1
Propanal 2.63 42
3-Ethylpent-2-ene {cis and trans) 2.13 34
2,4-dimethyl-3-ethyl oxetan (anti) 1.78 2.88
2,4-dimethyl-3-ethyl oxetan (sym) + 2,2-diethyl-3-methyl 1.58 2.52
oxiran {(cis) major
Oxiran 1.56 2.50
2-Ethylut-1-ene 1.13 1.80
But-2-en-1-al 1.13 1.80
Pent-1-en-3-one ' 1.00 1.60
2,2-methyl propene 1.00 1.60
2,2-Diethyloxetan _ 0.90 1.44
3-Ethylpent-1-ene 0.75 1.20
Butan-2-one 0.75 1.20
Propenal 0.63 1.00
Butane,2-methylpropene, pent-1-ene, 1,3-butadiene (mzqor) 0.60 0.96
But-1-en-3-one 0.53 0.85
3-Ethylpentane-2-one 0.50 0.80
3-Methylpent-2-ene (cis) ‘ 0.50 0.80
Ethanol 0.38 0.60
4-Methylhexan-3-one 0.33 0.52
2-Ethyl-3-methyloxiran 0.30 0.48
Propylene _ (.25 0.40
Hexan-3-one 0.25 .40
Pentane-2-one ' 0.24 0.40
But-2-ene (cis and frans) (.22 0.35
Propane-2-one (major) + 2-meﬂ1ylpropmal 0.17 0.23
Heptan-3-one 0.16 (.26
Heptanol ' : 0.06 (.10

* 9% Yield = moles product formed/moles of fuel introduced
t % Conversion = moles product formed/moles Fuel consumed
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Table 2. Major intermediate reaction products of n-heptane formed in different systems:;
(A) cool flame “ static system”, p= 13 kPa, T = 523 K, O/F = 1; (B) fired engine
“end gas”, p >3.5 MPa, T > 723 K, Oy/F = 9; (C) cool flamé flow system, p =
0.1 MPa, T =538-723 K, O2/F = 4 [45]. (a) Values of Luck et al. [45] and (b) our
approximate caleulation® in %

Product (A) (B) ©)

(@ (@ (b (a) (b)
Heptane 110 - 450 - 6.3 -
butadiene 0627 2.1 036 3.1 < 0.01 0.13
1-butene 063 49 090 7.8 0.03 042
1-Pentene 050 39 228 199 0.19 2.6
1-hexene 370 290 1.16 10.1 0.09 34
(1 and 2)-heptene 210 165 20 174 1.02 13.9
2-methyl tetrahydrofuran 1.61 126 122 106 1.05 14.4
benzene 043 34 0.06 0.5 (.09 1.2
n-propyl benzene 003 02 - - 0.07 0.95
Trans-2-methyl-5-ethyl- 059 4.6 051 4.4 0.73 10.0

tetrahydrofurane
*Cis-2-methyl-5-ethylt- 1.00 7.8 1.00 87 1.00 13.7
tetrahydrofurane

2-Propyltetrahydrofuran 030 23 - 053 4.6 0.49 6.7
2-n-butyl oxiran 031 24 023 20 0.40 54
2-ethyl-3-propyl oxiran 0.07 5.5 0.07 0.6 0.12 1.6 .
Trans-2-methy-4-propyl-oxetan 0.15 1.1 016 14 020 27
Cis-2-methy-4-propyl-oxetan .68 5.3 073 63 - 055 7.5
2-n-pentyloxiran 0.01 0.08 004 035 . 012 1.6
4-heptanone. 0.10 0.8 0.16 1.4 0.10 1.3
3-heptanone 003 02 - 0.16 22
2-heptanone 009 07 0.04 0.35 -+ 053 712
styrene ' 0.07 055 - - . 017 23
4-heptanol 003 02 - - 0.07 0.96
3-heptanol 002 015 - - - 0.06 0.82
2-heptanol 0.0t 0.08 - - 0.05 0.70

*Assuming that the same initial amount of n-heptane was mtroduced in the different
systems and compared to the reference compound formed. The amount of n-heptane non-
transformed is 11x higher than the reference in (A), 450x hlgher than the reference in (B)
and 6.3x higher than the reference in (C). ‘
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| Table 3. Effect of the pressure on the conversion (%) of initial products during the slow

Product p (kPa)

9.3 14.7 18.9 22.4 26.3
Ethylene 2.5 2.3 2.1 1.7 2.0
Propylene 0.4 0.3 0.2 0.2 0.2
Pent-2-ene10.8 10.8 8.9 7.0 6.0 51
Acetaldehyde 26.4 24.5 25.9 284 24.5
Propionaldehyde 94 10.3 11.1 12.7 14.8°
Acetone 232 280 31.8 30.9 32.7
Butanone 10.5 11.1 10.5 10.9 11.8
C5 Ketones 1.1 0.9 1.3 1.4 1.7
Methyl vinyl ketone 1.6 1.2 0.8 0.9 1.2
Pent-2-en-4-one 13 1.1 0.9 0.7 0.6
2-Methyltetrahydrofuran 4.0 2.9 2.0 1.9 1.7
2-methyl-3-ethylorixan 1.0 0.7 0.8 0.6 0.6
2-methyloxiran 22 22 2.0 2.5 1.2
Ethanol 0.8 0.5 0.7 0.5 1.0
Pentan-3-ol 04 0.4 04 0.4 0.7
Pentan-2-ol 0.2 0.1 0.1 0.1 0.2




[e—y
O 60~ O\ A P L3R

e N T R P NNV IR PR U PR SO VIS O 0 B N B YOS NO T N T N0 U N0 S N N o S g U Gt
BFOR POV IO EGR EO SO AT MEGRL 2O G000 & W —

107

Table 4. Conversion of hydrocarbons from experimental (a) and calculated data (b),

using kinetic modeling. A: Equivalehce ratio, 4! Resideénce time

Fuel A T(s) p(MPa) T(K) TFuel Conversion (%)  References
(@) (b
n-heptane 1 1 1 575 20 17 [71]
623 59 48
650 65 47
750 9 38
825 80 77
930 100 95
n-heptane 1 0.2 0.7 575 5 - [59]
620 42 -
640 38 -
683 27 -
n-heptane 0.5 1 1 600 55 40 [60]
625 67 50
650 74 52
673 72 35
683 50 32
iso-octane 1 0.4 0.7 590 5 - [59]
610 36 -
675 26 -
983 <20 -
iso-octane 2 1 1 625 19 7 [13]
675 15 6
750 20 6
800 50 3
825 7213
940 92 100
iso-octane 0.5 1 1 600 0 0 [13]
625 g 12
650 &8 12
673 8 8
6383 5 0
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Table 5. Temperature dependence of reaction products formed from n-heptane.
Experimental data (a) from reference [10] and calenlated valies (b) from

reference [78]. A: Equivalence ratio, t: residence time

Fuel A t(s) p(MPa) T(K) Compound mole fraction
(a) (b)
n-heplane®* 1 02 01 627 CoH, 0 0
C;H; 0 0
CyH, 0 0
CsHyp 0 0
CH,4 -0 0
CO 0 0
1 02 01 712 CyHy 0.80x107 0.6x107
C3H; 0.26x10? 50.0x10°®
C,H; 0.12x10* 0.0
CsHye 0.15x10* 0.0
CO 0 0.0
1 02 01 777 C,H,y 2.00x107 1.0 x10°3
C,H; 0.35x10° 0.12 x107
CiHg 0.04x107 0.015 x10?
CsHyo 0 0.0 |
CH, 0.40x107 0.0
CO 2.50x10° 0.05x10? -

* Initial concentration of n-heptane: C, = 0.15 % V/V (1.5 x10™ moles)
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Table 6. Kinctic parameters of the oxidation reaction of kerosene and a ternary mixture

of hydrocarbons [38,71]

E, (kcal)

TFuel a b A

Kerosene 1 0.8 2.8x10% 45
Equivalent mixture

n-undecane 1 0.8 5x10° 145
n-propylcyclohexane | 1 0.5 5x10% 140
Trimeylbenzene 1 1 7x10' 50
n- heptane 025 |15 43x10" 30
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Table 7. Composition and physicochemical properties of selective fuels
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Properties n-heptane® Cetane” Diesel # 2°4 Jp-g*
Formula CHye CigHu CoHysn CriKyy
Octane number 0 - - -
Cetane number 53.6 100 47 .4° -
Density (kg/m®) 0.68x10° - 0.85x10° 0.81x10°
Gravity, API - 512 35.6° -
Boiling point (K) 3714 560 460° 330-510
Dist, Temp. (K) Ty, 3714 560 492 .

Tso 3714 560 531 -

Teg 3714 560 572 -
LHVE (Btw/lb) - 20400 ~18600¢ 18,550
Sulfur % - 0 026°¢ 0.05
Carbon 84 84.95 - 132
Hydrogen 16 15.05 - 21
Parafins (%, v/v) 100 100 54.8¢ 60.0
Olefins 0 0 2.41 2.0
Aromatic 0 0 27.5 18.0
Nephtenes 0 0 15.3 20.0

16]; °[65]; -2 diesel control fuel lot K-848 [180]; °[65]; "Average values from [17],

SLower heating value.
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Table 8. Conversion of conventional and alternative fuels by catalytic partial oxidation

[139]
Fuel T (K) complete conversion, dry N, free (%)
. O, CO
Methanol . 723 60 20 18
Ethanol 853 60 18 15
iso-Octane 903 60 20 16
Hexadecane - - - -
Toluene 028 50 30 8
2-Pentenc 043 60 22 18
(Gasoline 1033 58 20 18
Diesel #2 1128 _ 50 20 20
* Not given
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